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Executive Summary

A multidisciplinary team of investigators from the University of Florida, the
University of Utah, and the University of Tennessee conducted a comprehensive,
integrated study on the wear and fatigue of ceramic and metal materials for aerospace
applications. The work was focused on a study of wear and fatigue in the context of the
materials silicon nitride (Si;N,) and M-50 steel, and environments relevant to hybrid
bearings in advanced turbine engines. The four year program was initiated in May, 1993
and concluded at the end of May, 1997. This document represents the fourth and final
report of the program.

A fundamental approach was employed to better understand the combined effects of
mechanical stress, chemical environment, and high temperatures on wear and fatigue.
Individual expertise on the research team spanned the disciplines of material science,
chemistry, mechanics, and physics needed to understand the tribochemical nature of wear
and fatigue. The program was also strongly coupled to industry and national laboratories
to better facilitate transfer of the fundamental knowledge and technology to be developed
into existing military and commercial systems.

The primary objectives in the study were to: (1) develop and evaluate ex-situ and
selected in-situ methods to detect wear; (2) develop a broad-based fundamental
understanding of wear and wear mechanisms; (3) develop rolling contact fatigue maps for
the hybrid bearing systems; (4) develop lifetime predictions for wear and rolling contact
fatigue based on the ex-sifu and in-situ wear detection methods; and (5) develop surface
modification systems for hybrid bearing systems that either aid in wear detection or act to
minimize wear damage.

During the course of the four year study, 25 technical articles were prepared for
referred international journal articles (21) or referred proceedings (4) which are included in
the appendices in addition to numerous presentations by the students and faculty associated

with the project at various international meetings and symposia. During the course of the
[ program at the University of Florida, 1 B.S. Honors thesis, 4 M.S. degrees (3 with thesis
and one non-thesis) and 5 Ph.D. degrees were awarded with one M.S. and two Ph.D.
pending at this writing. Abstracts for the theses are also provided in the appendices of the
final report.

The following technical goals were achieved during the four year investigation:

1. Analytical chemistry methods were developed to monitor the wear debris in lubricants
from hybrid bearings.

2. A spectroscopic method based upon UV-visible spectra was developed to monitor and
predict viscosity changes during lubricant breakdown and carbonaceous sludge formation.
3. Rigorous comparisons of the performance of hybrid bearings relative to all steel and all
ceramic bearings have been conducted in many of our studies, all of which demonstrate the
superior performance of the hybrid bearings, particularly in adverse conditions.

4. A theory for wear mechanisms of the Si;N, rolling element has been developed and
tested.

5. A theory to predict bearing life based upon specific wear data generated during the
program has been developed and tested.

6. Several surface modification techniques on the M50 raceway material and the Si,N,
rolling element including ion implantation, diamond-like-carbon and diamond, and surface
compressive coatings have demonstrated that the already excellent tribological properties of
the hybrid materials can be improved.

Both the main shaft bearings for the engines on the recently developed F-22 tactical
fighter as well the oxygen turbo-pump on the NASA space shuttle depend upon hybrid
bearings for their superior performance. There are also many additional, but often,
proprietary applications for hybrid bearings where severe operating environments preclude
the use of all-steel bearings. Based upon non-destructive evaluation methods and testing
developed on other DoD-sponsored programs on hybrid bearings, there is little chance that




a ceramic rolling element will be passed for bearing insertion without detecting a flaw large
enough to produce a spall in the operating bearing. It will be shown in the current report
that the hybrid bearing materials consistently out perform the all-steel bearings whether the
comparison criteria is specific wear rate, coefficient of friction, or life to failure.
Furthermore, under severe conditions including no lubrication, particles suspended in the
lubricant, high temperatures and humidity, and high Hertzian contact stress, the
performance of the hybrid bearing is almost always superior to all steel bearing systems.
The hybrid bearing combination of materials with silicon nitride rolling elements, steel
raceways (M-50 steel was evaluated for the most part), and, if lubricated, a synthetic
polyester lubricant had comparable or lower wear rates, coefficients of friction, and fatigue
life at similar Hertzian contact stresses than all steel bearing materials.

Improvement as well as trust in the reliability of ceramic elements for continued
insertion for a variety of applications including in advanced turbine engines will require
advances in three areas: (1) continued critical testing and dissemination of wear
mechanisms and performance comparisons between all-steel bearings and hybrid bearings,
(2) a more fundamental understanding of the wear and degradation mechanisms that
precede failure of hybrid bearings, particularly with respect to corrosion of the steel
raceway materials and ceramic when particularly severe lubricant degradation products and
environments create the possibility of corrosion-mediated spallation, and (3) new
techniques that can continuously monitor the prefailure events so that the critical bearing
elements can be safely replaced prior to their failure.

Regardless of the technical successes of hybrid bearings, the major barrier to wide
scale implementation of ceramic rolling elements continues to be their high cost relative to
all-steel systems. The high cost is of great concern if the superior performance of the
hybrid bearings is to achieve a significant impact in general usage, or similar to many
structural ceramics, finds only niche, value-added applications. More cost-efficient
processing and surface-finishing methods, increased volume of production, and specific
engineering specifications to meet acceptable, not necessarily optimal, performance
requirements for the chemical and mechanical environments in operating bearings will
continue to reduce the cost of ceramic bearings.

The final report is organized in a similar fashion to prior annual reports with a
summary of the findings and accomplishments on each of the tasks with cited research
manuscripts included in Appendices 2-38 usually as a report to be submitted to the relevant
technical literature, a preprint, or as a reprint of work supported by the contract during the
four project years. The abstracts of the master of science (M.S.) and doctor of philosophy
(Ph.D.) degrees awarded at the University of Florida based on support from the AFOSR-
sponsored project in the Departments of Chemistry and Materials and Science and
Engineering are also included in the appendices.
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INTRODUCTION

A multidisciplinary team of investigators from the University of Florida, the University
of Southwestern Louisiana, and the University of Utah conducted a comprehensive, integrated
study on the wear and fatigue of ceramic and metal materials for aerospace applications. The
work is focused on a study of wear and fatigue in the context of the materials and environments
relevant to hybrid bearings in advanced turbine engines. The four year program was initiated in
May, 1993 and concluded at the end of May, 1997. This document represents the fourth and
final report of the program.

A fundamental approach was employed to better understand the combined effects of
mechanical stress, chemical environment, and high temperatures on wear and fatigue. Individual
expertise on the research team spanned the disciplines of material science, chemistry, mechanics,
and physics needed to understand the tribochemical nature of wear and fatigue. The program
was also strongly coupled to industry and national laboratories to better facilitate transfer of the
fundamental knowledge and technology to be developed into existing military and commercial
systems.

The primary objectives in the study were to: (1) develop and evaluate ex-sifu and selected
in-situ methods to detect wear; (2) develop a broad-based fundamental understanding of wear
and wear mechanisms; (3) develop rolling contact fatigue maps for the hybrid bearing systems;
(4) develop lifetime predictions for wear and rolling contact fatigue based on the ex-sifu and in-
situ wear detection methods; and (5) develop surface modification systems for hybrid bearing
systems that either aid in wear detection or act to minimize wear damage.

Despite the advances made in the development of hybrid bearings composed of Si3Ng4
bearings and M-50 raceways, their use in military applications has been limited. However, both
the main shaft bearings of the recently developed F-22 tactical fighter as well oxygen turbo-
pump on the NASA space shuttle depend upon hybrid bearings for their superior performance.
There are also many additional, but often, proprietary applications for hybrid bearings where
severe operating environments preclude the use of all-steel bearings. Based upon the non-




destructive evaluation methods and testing developed on other DoD-sponsored programs for
hybrid bearings, there is little chance that a ceramic rolling element will be passed for bearing
insertion without being able to detect a flaw large enough to produce a spall in the operating
bearing. It will be shown in the current report that the hybrid bearing materials consistently out
perform the all steel bearings whether the comparison criteria is specific wear rate, coefficient of
friction, or life to failure. Furthermore, under severe conditions including no lubrication,
particles suspended in the lubricant, high temperatures and humidity, and high Hertzian contact
stress, the performance of the hybrid bearing is almost always superior to all steel bearing
systems. The hybrid bearing combination of materials with silicon nitride rolling elements, steel
raceways (M-50 steel was evaluated for the most part), and, if lubricated, a synthetic polyester
lubricant had comparable or lower wear rates, coefficients of friction, and fatigue life at similar
Hertzian contact stresses than all steel bearing materials. Improvement as well as trust in the
reliability of ceramic elements for continued insertion for a variety of applications including in
advanced turbine engines will require advances in three areas: (1) continued critical testing and
dissemination of wear mechanisms and performance comparisons between all steel bearings and
hybrid bearings, (2) a more fundamental understanding of the wear and degradation mechanisms
that precede failure of hybrid bearings, particularly with respect to corrosion of the steel raceway
materials and ceramic when particularly severe lubricant degradation products and environments
create the possibility of corrosion-mediated spallation, and (3) new techniques that can
continuously monitor the prefailure events so that the critical bearing elements can be safely
replaced prior to their failure.

Regardless of the technical successes of hybrid bearings, the major barrier to wide scale
implementation of ceramic rolling elements continues to be their high cost relative to all-steel
systems. The high cost is of great concern if the superior performance of the hybrid bearings is
to achieve a significant impact in general usage, or similar to many structural ceramics, finds
only niche, value-added applications. More cost-efficient processing and surface-finishing
methods, increased volume of production, and specific engineering specifications to meet
acceptable, not necessarily optimal, performance requirements for the chemical and mechanical
environments in operating bearings will continue to reduce the cost of ceramic bearings.

There were five specific activities that the interdisciplinary team undertook in the
research. They are: (1) Detection of bearing wear; (2) Measurement of bearing wear; (3)
Determination of wear mechanisms; (4) Development of precatastrophic failure prediction; and
(5) Development of methods to minimize wear of ceramic bearings. Thus, five parallel
activities were conducted with overlap both in personnel and program objectives to provide the
required integration and promote synergism among the program team members. A summary of
the work performed on each of these activities is discussed.

The final report is organized in a similar manner to the prior reports with a summary of
the findings and accomplishments on each of the tasks with cited research manuscripts included
in Appendices 2-38 either as a report to be submitted to the relevant technical literature, a
preprint, or as a reprint of work supported by the contract during the four project years. During
the course of the four year study, 25 technical articles were prepared for referred international
journal articles (21) or referred proceedings (4) which are included in the appendices in addition
to numerous presentations by the students and faculty associated with the project at various




international meetings and symposia. During the course of the program at the University of
Florida, 1 B.S. Honors thesis (Appendix , 4 M.S. degrees (3 with thesis and one non-thesis) and
5 Ph.D. degrees were awarded with one M.S. and two Ph.D. pending at this writing.

TECHNOLOGY TRANSFER AND LINKS TO OTHER UNIVERSITIES, U.S.
INDUSTRY AND NATIONAL LABORATORIES

Technology transfer and interaction with commercial organizations involved in the
business of designing bearings, producing the materials to be used and using the bearings is an
integral part of the project. Three annual workshops on Wear and Degradation of Materials in
Aerospace Structures were held to augment technology transfer and promote constructive
criticism from outside collaborators on the program. The agendas and participants of each of the
three workshops are attached in Appendix 1. The exchange of information and technical know-
how provided by the industrial and national laboratory partners initiated by the workshops was
critical in maintaining the focus of the program, exchanging technical information and ideas and
establishing communication with key industrial and national laboratory personnel to aid the
project team in rapidly developing the know-how and understanding the knowledge among the
partners specific to hybrid bearings.

PROGRESS ON SPECIFIC ACTIVITIES

Activity 1.0 Detection of Wear

The objective of this activity is to evaluate the detection of wear both by methods with in-
situ wear detection potential as well as ex-situ techniques. The ultimate goal is to develop an
understanding between wear detection schemes and impending failure as deduced in activities 2,
3, and 4. The development of solution chemistry analysis specific to the materials used in hybrid
bearings was spurred by the need for techniques similar to the standard JOAP and SOAP
analyses developed for lubricants and all-steel bearings in military applications. In particular,
chemical analysis for the silicon nitride rolling elements required the development of chemical
assay techniques to analyze both the bulk Si as well as the grain boundary materials which are
typically either Mg-based or Y,Al-based depending upon the manufacturer (see Appendix 25 for
a review of the processing and properties of the ceramic materials used in hybrid bearings as well
as a discussion on fatigue lifetimes). Another objective of this task was to evaluate the role of a
typical synthetic polyester-based lubricant that meets U.S. military specifications in hybrid
bearing performance particularly when lubricant degradation begins to play a role in bearing
lifetime . This activity was directed by James D. Winefordner. Publications and theses abstracts
related to Activity 1 are provided in Appendices 2 through 11.

Task 1.1 Elemental Spectroscopy of Wear Debris

Inductively coupled plasma mass spectrometry (ICP-MS) is one of the few techniques
capable of multielement determinations with low detection limits. However, when an organic
matrix is nebulized into the ICP-MS, carbon condenses on the cooled interface cones, sooting




and blocking the apertures. A second disadvantage of nebulizing organics into the ICP-MS is
that carbide compounds formed in the ICP may act as molecular interferences for some elements,
making it difficult or impossible to detect these elements. Electrothermal vaporization (ETV),
microwave digestion, and laser ablation were chosen as a sample introduction techniques to be
developed and evaluated for the silicon nitride ceramics because these techniques reduced the
problems associated with conventional nebulization. When using ETV for sample introduction,
the analyte was separated from the sample matrix, which made it possible to analyze oil samples
while eliminating oxygen addition and reducing molecular interferences due to the organic
matrix. A method was developed for the determination of Al, Mg, Fe, and Y metallo-organic
compounds in lubricating oil by electrothermal vaporization inductively coupled plasma mass
spectrometry (Appendices 2,3, 7-11). A pneumatically-operated graphite plug holder was added
to the ETV so that the dosing hole could be plugged during the ETV heating cycle.

The detection efficiency is the number of ions reaching the Faraday detector divided by
the number of atoms injected into the furnace and was 8.3 x 10°, 1.8 x 10%,2.1x10% and 3.4 x
10, respectively for Al, Fe, Mg, and Y. The detection efficiencies for the metallo-organic
elements was an order of magnitude poorer than that of the aqueous elements studied in our
laboratory using the same instrument. Detection limits was limited by the high level of
impurities present in the blank and the poorer transport efficiency. For the determination of Mg,
the detection was limited by the carbon interferent. Y was not present in the blank, therefore it
has a better limit of detection. The detection limit of Y was limited by the amplifier noise.

If metallic species can be successfully dissolved in a liquid, the samples can be
introduced into the ICP system via nebulization of the liquid. A variety of relevant elements
have been introduced into both organic and aqueous solutions via microwave digestion
(Appendix 7). Metallo-organic solutions of Al, Cr, Fe, Mg, Mo, Ni, Ti, and Y have been
successfully digested, nebulized into the ICP, and the singly-charged ions measured by mass
spectrometry. Metal particulates in oil matrices have been quantitatively determined using
microwave digestion with ICP analyses. Linear analytical curves for the various elements have
been obtained from detection limits of about 1ppb to greater than 1 ppm levels in solution.
Lubricating oils collected from Rolling Contact Fatigue testers (oil from the Shetty and Adair
testers were both used) have been analyzed via microwave digestion. Lower concentrations of
wear products (Al and Y from grain boundary phases in the SisN4 bearing balls and Fe, Ni, etc.
From M-50 steel rods) were generated as a function of time for in the hybrid material test
samples (Si3N4 bearing balls with M-50 steel rod) than the all-steel case at similar initial contact
Hertzian stresses which is consistent with both specific wear rates and fatigue lifetimes
determined by RCF testing in Tasks 2-3.

In laser ablation (LA), solid samples are exposed to the a high power laser beam.
Thermal energy accumulates at the region of beam exposure so rapidly that thermal transport can
not take place fast enough to dissipate the thermal energy. The exposed materials rupture via
gaseous product generation as well perhaps some solid particulate debris. Laser ablation
techniques overcome the sometimes time consuming digestion and electrothermal vaporization
steps required to introduce ceramic samples into an ICP system. Laser ablation also has some
limitations including the relatively high cost of lasers powerful enough to ablate ceramic
materials, the exposed area that is ablated can vary from shot to shot, a composite material such
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as Si3N4 with specific grain boundary phases can ablate non-uniformly which necessitates the
need for matrix-matched standards for quantitative analyses, and that laser-material interactions
are not completely understood. In spite of these limitations, LA is a simple, rapid technique to
introduce sample into the ICP-MS chamber. In the current study, documented in Appendices 8
through 10, laser ablation has been developed for both the surfaces of SisN, rolling elements as
well as oil samples containing debris. It was shown that LA sample introduction provides more
accuracy from solid samples rather than oils because of the need for matrix-matching with
standards (Appendix 10). Both NIST solution standards and solid glass standards provided to be
useful in determining the trace constituents in bearing materials (Appendices 9). In the current
studies it was also shown that a compact and inexpensive Nd:YAG laser offers a low cost solid
LA sampling option for ICP-MS, which is also available in a portable form (Appendix 8). Light
scattering was also used to normalize the signals in LA-ICP-MS (Appendix 11). It was shown
that the technique is useful for analyzing samples within a particular matrix and if the particle
sizes are similar, but light scattering normalization of the signals is not as effective as the use of
an internal standard. )

Task 1.2. Analysis of the Role of Lubricant in Wear of Hybrid Bearing

In addition to the analysis of wear debris, the role of the lubricant on hybrid bearing
performance was also evaluated (Appendices 4 through 6). A commercial, synthetic polyester-
based lubricant was used in these studies. While the use of a commercial lubricant precludes an
intimate knowledge of the base stock and additive package, it maintains the relevance and focus
of the project goals with respect to hybrid bearing performance. Both the as-received lubricant
and lubricant thermally degraded in a variety of conditions at 200°C to 300°C (in air, under Ar,
with M-50 steel present as a catalyst, etc.) were used to evaluate the performance of hybrid
bearing materials with a pin-on-disk tribometer under less than ideal conditions. These results
will be reported in Task 2. The lubricants were also carefully evaluated by a variety of
techniques in both University of Florida laboratories and in the Lubricant Characterization
facility directed by S. Brown at Pratt& Whitney Aircraft (West Palm Beach, FL). It was shown
that the commercial lubricants degradation leads to carbonaceous particulates (Appendices 4 and
5) known commonly as “sludge.” While this is well known it was also shown that the
determination of the concentration of the sludge via UV-visible absorption analyses enables one
to produce a total lubricant degradation number when combined with more familiar analyses
such as TAN (total acid number) and anti-oxidant concentration determinations. The rate of
sludge particle formation was dependent on a parabolic rate law indicating the rate limiting step
in sludge formation is diffusion of species from the bulk solution to the growing carbonaceous
particle interface (Appendices 4 and 5). It was also shown that the change in viscosity of the
lubricant can be predicted with the Einstein relationship for particulate suspensions once the
concentration of sludge particles is known via analysis and deconvolution of the UV-visible
absorption spectra for the degraded lubricant (Appendices 4 and 6). The implication is that
compact UV-visible spectroscopy can be utilized in-situ to monitor the change in lubricant
viscosity due to the formation of sludge particles.




Activity 2.0 Measurement of Wear

The objective of the second activity is to better understand the physical characteristics of
the surfaces of bearings and raceways as a function of wear. John J. Mecholsky, Jr. directed this
activity for the program team. Additional documents and manuscripts related to the work on this
task are provided in Appendix 12 through 21.

Task 2.1 Characterization of the Microstructures and the Mechanical Properties

Processing, microstructures, and properties of the two primary silicon nitride materials
that were used in the current study are summarized in Appendix 2. In Table 1 are listed the
physical and mechanical properties of two commercial rolling element materials. Representative
microstructures (courtesy of H.A.J. Chin of Pratt& Whitney Aircraft for sample preparation) are
shown in Figures 2 and 3 in Appendix 26. The Mg-doped Si;N, has more equiaxed grains with a
slightly higher hardness, but lower toughness than the Y,Al-doped materials with more elongated
grains. :

Table 1. Physical and Mechanical Properties of Two Bearing Grade Si;N4 (Appendix 26)

Type of Silicon Nitride Material Y,Al-Doped Mg-Doped

Densification process Pressureless Sintering + | Hot-Isostatic-
HIPing Pressing

Oxide additives Y,03 and Al,O4 MgO
Density (g/cm?®) 3.23 3.16
Young’s modulus (GPa) 308 320
Poisson’s ratio 0.29 0.26
Fracture toughness 6-8 4.1
(MPam'?) 5.1540.06"
Hardness (Vickers
Indemaﬁo(n) oy 14 -16 (at 20 kg) 16.6 (at 10 kg)
Coefficient of thermal expansion 29-37 29
(x10 m/m°C), 20-800°C

Thermal conductivity 18 - 25 (at 20°C) 29.3 (at 100°C)
(watt/m°C)

*Measured by the authors using short-bar technique.

One material is a direct HIPed Si3N, with MgO as the additive. The other material is a
pressureless sintered and posted-HIPed Si;N4 with Y,03 and Al,O; as the sintering additives.
The density of the sintered HIPed silicon nitride (3.23 g/cm®) is slightly larger than that of the
direct-HIPed silicon nitride (3.15 g/cm?) because of the different additives used. In addition to
the fracture toughness values reported by the manufacturers, fracture toughness of the Y,Al-
doped materials was determined by the authors in an on-going research program using the
chevron-notched short-bar tests.
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Silicon nitride typically has higher fracture toughness than the other non-transforming
monolithic ceramics. This is attributed to the whisker-like interpenetrating morphology of the -
Si3N, grains which deflect and/or bridge the crack, and thus increase the fracture resistance. In
the so-called self-reinforced silicon nitrides, this unique microstructure has been further
exploited to increase the fracture toughness to ~10 MPaVm. The wear behavior and rolling
contact fatigue resistance of self-reinforced silicon nitrides has not been reported yet. However,
it is likely that the fine-grained microstructure of the commercial bearing-grade Si;N, has the
advantage of obtaining better surface finish as compared to the coarse-grained self-reinforced
silicon nitride materials.

The material requirements for a rolling element, in addition to high fatigue stress, include
high hardness and adequate toughness to minimize the wear rate. The fatigue stress for the Si,N,
bearing element in a hybrid bearing is much higher than the fatigue stress for the M-50 steel
raceway. It has been shown that the raceway spalls much more readily than the Si,N, rolling
element so long as the quality control on the ceramic rolling element has eliminated large surface
or near subsurface flaws. One of the problems with an all ceramic rolling elements (i.e., both
ceramic rolling element and raceway) is the high wear rates and therefore reductions in service
life. Furthermore, service life for a bearing does not necessarily mean that a catastrophic failure
takes place. Bearings (i.e., rolling element, raceway, and cage) are designed to have uniform and
low wear rates. Under ideal conditions a bearing is replaced because the increasing gap between
rolling element and raceway due to uniform wear begins to cause excessive vibration. In most
hybrid bearing designs, the inner M-50 steel raceway undergoes the most stress and experiences
the highest wear rate. The fatigue stress for a ceramic bearing that Mecholsky uses as part of the
effort at UF is on the order of ~3-20GPa. To put this into perspective, the ~1linch bearings in the
oxygen turbopump on the NASA space shuttle are designed for a maximum Hertzian contact
stress of ~2GPa.

Task 2.2 Evaluation of Rolling Contact Wear and Fatigue Life of SizN,

Task 2.2.1 Evaluation of the Cyclic Fatigue Life of Hybrid Bearing Materials

Full-scale bearing tests provide the most accurate data on the applicability of a bearing
material. However, full-scale bearing tests are expensive and time-consuming, particularly in the
case of ceramic materials. Four different methods were used to evaluate wear in hybrid bearing
materials in the current study, rolling contact fatigue (RCF) testing, a cyclic fatigue test based
upon a WC-Co bearing ball contacting a Si;N, flat plate, a pin-on-disk system used also to
measure the coefficient of friction, and a traction rig. A cost effective and expedient way to
evaluate bearing materials is to use rolling-contact fatigue tests that incorporates simple
geometry’s of the specimens and simulates the rolling-contact. The RCF testers, however, do
not reproduce the many complex test conditions encountered in a full-scale bearing test.
Furthermore, Grade 5 bearing surfaces have an extensive lifetime usually beyond the scope of a
graduate student career. Therefore, conditions that produce accelerated testing are generally
used in RCF testing. In the current program, surface roughening, particulate suspended in the




lubricant, and thermally and chemically degraded lubricants were used to evaluate wear and
fatigue life.

To date, there is no established standard test for measuring RCF life. A number of test
rigs have been used for evaluating the performance of bearing steels and SisN, materials.
Typically, in such tests, a detector coupled with a shutdown device is used to monitor the
vibration of the assembly. When a preset vibration level is exceeded, indicating the formation of
a spall, surface crack, or excessive uneven wear, the test is automatically stopped and the lifetime
of the test is recorded. Alternatively, tests may be suspended at different time durations to study
the wear rate and mechanisms (Appendices 12,13).

In the current study, RCF tests were accelerated by the usual surface roughening of
Si3N4 rods with M-50 steel bearing balls (see Appendices 12-13) and by the use of less than
ideal lubricant including particulate added to the lubricant (Appendices 16-17) and the use of
thermally degraded lubricant (Appendices 17-19). With roughened surfaces (R,=0.18 um), RCF
lifetimes were limited by wear on the steel bearing balls while as-polished surfaces (R ,=0.08 m)
resulted in fatigue life determined by either the metal ball failing or test suspension at 100 hours
(Appendices 12-13). For studies in which near ideal bearing elements (R,=3nm) of M-50 steel
rods and ceramic bearing balls were used, particles were present in the lubricant used in RCF
testing. In these cases, fatigue life was dictated by contact stress fatigue on the M-50 steel rods
with indenting, cutting, and plowing of the steel surfaces by the particles a secondary, but
important additional effect (Appendices 16-17).

RCF testing of thermally degraded lubricants is still underway. In pin-on-disk testing
with a thermally degraded lubricant, there was no distinctive effect in wear or changes in
coefficient of friction due to any particular degradation product. This finding implies that wear
is basically an opportunistic effect with any weak link in the material system of bearing elements
and lubricant leading to enhanced wear. A correlation was found between coefficient of friction
and the concentration of all of the degradation products (Appendices 18-19). Another
preliminary study (Appendix 14) based on microstructural evaluation indicated that corrosion of
the M-50 steel in the synthetic ester-based lubricant takes place during the course of the
experiment and that relative humidity in the atmosphere plays a role in the corrosion of the steel.
In general, more pitting was observed on the M-50 steel as the relative humidity was increased.
A correlation between the infra-red spectra of the state of wear on the surface on the silicon
nitride was also found with a semi-empirical molecular orbital calculation used to generate
theoretical IR spectra as a function of SisN4 cluster size. Wear surfaces correlated well to
smaller cluster sizes while spectra from as-polished surfaces were more consistent with larger
Si3sNy4 cluster sizes.

Task 2.2.2 Traction rig analysis of SizN4 on SizN4 and SizN4 on M-50 steel

Rolling contact wear in ball bearings takes place within the Hertzian contact region as a
result of microslippage between the balls and races. The level of microslippage depends upon
the relative sliding velocity of the balls on bearing races as determined by the distance from the
instantaneous axis of rotation and the contact surface. Within the contact region, the surfaces




may experience various levels of microslippage. It is the sum total of this microslippage that
affects wear rate, heat generation and friction torque. Traction coefficients were used to make
these predictions. Technical details of these studies are provided in Appendices 20 and 21.

Bulk modulus data for graphite powder compressed up to 690 MPa (100,000 psi) was
obtained and it was shown how this property can be used to predict the film thickness of graphite
powder in Hertzian contact. It was shown that other powder lubricants being considered for high
temperature applications can be analyzed with this method but would require the above physical
properties at the specified temperature. A procedure for predicting traction coefficients for
powder lubricants compressed to Hertzian contact pressures was developed by Dareing and co-
workers (Appendices 21, 22, and 27). The method of analysis requires prior knowledge of
physical properties of the powder lubricant under extreme pressures. The technique is based on
the assumption that unconsolidated powder lubricants behave as elastic solids when compressed
to Hertzian pressure levels in rolling contact regions. This assumption is supported by the classic
work of P.W. Bridgman who studied the effects of extreme pressure on physical properties of
several chemical substances, including graphite. Relevant physical properties are: bulk modulus,
shear strength, coefficient of friction, modulus of elasticity/rigidity and Poisson’s ratio. Each of
these physical properties depend on the magnitude of applied compressive stress. Expected
minimum film thickness of powder lubricants in Hertzian contact is also produced using bulk
modulus/pressure data.

Activity 3.0 Determination of Wear Mechanisms

Wear-mechanism maps for silicon nitride in rolling contact can be useful design tools for
hybrid or all-ceramic bearings. Before a wear mechanism map can be constructed, however, the
various wear mechanisms of silicon nitride in rolling contact should be identified and
distinguished. Several wear mechanisms have been reported in the literature, but there may be
still other mechanisms that have not been identified, especially for rolling contact in oil-
lubricated conditions. In oil-lubricated rolling contacts, certain chemical reactions can occur
between the lubricant and the secondary phases of the silicon nitride, particularly at high
temperatures. There is very little information on this subject in the literature.

RCEF testers have been used primarily to investigate the fatigue failures or to compare the
overall wear resistances of different materials. For wear mechanism studies, RCF testers are not
as useful as sliding contact testers. For example, most RCF testers do not readily have the
capability of measuring rolling friction coefficient, which is an important parameter for
distinguishing different wear mechanisms. On the other hand there is very little information
about how the wear behavior in sliding contact can be correlated to the wear phenomenon in
rolling contact. Constructing the rolling wear mechanism maps based on RCF test data, or
establishing sound correlations between sliding and rolling wear behaviors is essential for
comprehensive characterization of silicon nitride for bearing applications.

The objective of this activity was to determine the mechanism(s) of failure modes of the
bearings as a function of environment and stress states relevant to ceramic ball and roller




bearings. The ultimate goal was to produce rolling contact fatigue mechanism maps similar to
the deformation mechanism and creep mechanism maps.

Wear mechanisms of silicon nitride have been studied extensively in both sliding contact
and rolling contact fatigue testing (Appendices 12-21). Mecholsky and co-workers have also
designed a cyclic contact fatigue test to reproduce the cyclic loading that a bearing ball
experiences during operation (Appendices 22-25). The data taken from these sources has been
used to evaluate wear mechanisms particularly on the silicon nitride rolling element. Wear
behaviors of silicon nitride have been investigated by a number of investigators using various
testers. What is lacking however, are correlations between the laboratory-scale wear tests and
the prospective full-scale applications. To establish such correlations it is important to
understand the wear mechanisms of silicon nitride, particularly in rolling contact, and how the
mechanisms change with variation of the environmental conditions.

Since the word “wear” implies the formation and removal of debris particles, it includes
to some extent a fracture process. Several wear mechanisms, based on fracture mechanics
theories, have been proposed in the literature; for example, the lateral cracking and fracture
mechanism proposed by Evans et al. and the delamination wear mechanism proposed by Fleming
and Suh. The lateral cracking and fracture mechanism employs the concepts of indentation
fracture mechanics and takes into account the plastic deformation in brittle materials. The
delamination wear mechanism focuses on the shear stress acting on a subsurface crack when
abrasive motion occurs on the surface using linear elastic fracture mechanics theory. Both
mechanisms involve a mechanical-type wear process with the load (P), indenter geometry, elastic
modulus (E), hardness (H), and fracture toughness (K ) of the materials as the major variables
and material parameters. However, as the material processing and surface finishing techniques
of SizN, rolling elements have been improved, wear of Si3sN4 is typically mild and the
mechanism is not purely mechanical, but more complicated. For example,

M In sliding contact studies, wear debris was found to be generated by crack (surface
and subsurface) formations in the scale of microstructural features. On that scale, the continuum
and elastic fracture mechanics theories are not valid and the local stresses are clearly defined.

@) Formation of wear debris very likely involves chemical reactions at the interface.
The chemical reactions can be affected by the interface temperature, humidity, and the additives
in the lubricant used.

Wear mechanisms of silicon nitride have been widely studied in sliding contact. Rolling
contact fatigue tests, on the other hand, have been primarily used for evaluating the fatigue lives
of different grades of SizNy and demonstrating the feasibility of using SizN,4 as a bearing
material. Information in the literature on the wear mechanisms of silicon nitride in rolling
contact is limited. An extensive literature survey has been made to review the state of
knowledge of the fatigue and the wear behavior of SizNy in various rolling-contact conditions
(Appendix 26). The current studies into wear degradation mechanisms for brittle materials have
identified three stages of wear damage (Appendices 22-24). These stages will be described
below. However, before describing this damage mechanism process, the specific conditions to
which the mechanisms apply have to be explained.

In discussing wear degradation due to rolling fatigue, the distinction is made between
elastic processes and elastic-plastic processes. The degradation mechanisms will be different for
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the two cases. Wear degradation of (elastic-plastic) ductile materials will be governed mainly by
the shear stresses beneath the contact region. Wear degradation in (elastic) brittle materials will
be governed mainly by fracture processes due to tensile stresses outside the contact region and
under the contact region at the surface. The case for brittle materials will be addressed here. In
addition, there are two different behaviors that can be observed in the degradation of brittle
materials which are subjected to cyclical contact, depending on the condition of the material and
the shape and magnitude of the stress field. We will only address the case for a Hertzian stress
field here. If the material was processed in such a way as to have bulk defects such as
microcracks, pores, inclusions, etc., then most likely the damage will initiate from the subsurface
and propagate to the surface. Alternatively, if the largest defect is at the surface, then Hertzian
cone cracks will form outside the contact area, but the formation will occur at lower load levels
than for defect free surfaces. If the processing procedures have been improved to the extent that
there are no, or minimal, bulk defects, then the wear degradation process is due to a fracture
process as a result of Hertzian (elastic) contact stresses.

In order to study the degradation of brittle materials due to wear processes, the load is
cycled on a ball contacting a plate (Appendix 22). This test simulates the essential properties of
the wear process. A WC-Co spherical ball is placed in contact with a silicon nitride material. In
general, the levels of damage can be different depending on specific composition and
microstructure.

The mechanisms of failure due to wear in brittle materials which have been processed to
remove bulk defects and have a fine surface finish can be divided into three stages (Appendix
22-23, 26). The first (Stage I) is a roughening of the surface under the contact region due to
separation of the grain boundaries. The second (Stage II) is the formation of cone cracks or
partial cone cracks near the periphery of the contact region and the further degradation of the
region under the contact area by grain pullout and microcrack formation. The third stage (Stage
III) involves the removal of material from the region outside the contact area by connection of
surface cracks.

Stage I occurs because, in most silicon nitride materials, there is a grain boundary phase
which is glassy or partially glassy. This glassy phase is viscoelastic and as such will have a time
delay in response to deformation. This delayed response allows tensile stresses to form at the
grain boundary during the unloading cycle; on subsequent cycles, separation of the grain
boundary occurs by crack formation in a tensile mode. This process results in an uplift of the
surface under the contact region and appears as a roughening of the surface.

Stage II occurs because the Hertzian stress field causes high tensile stresses at the edge of
the contact region, and because of the existence of cracks on the surface. These cracks can be
subjected to stress corrosion processes as well. Cracks will start at the grain boundaries and
propagate in a circulator trace on the surface and in a cone shape beneath the surface in a
classical Hertzian cone crack formation. Simultaneously, the degradation under the contacted
region is progressing because traction forces beneath the spherical indenter lead to pullout and
further roughening of the surface.

Stage III is the final damage stage and involves the propagation of the cone cracks toward
the surface and a connection to the surface cracks which results in removal of material from the
surface. This appearance may sometime resemble what has been termed “spallation.” However,
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we make the distinction between spallation and contact fracture damage in that spallation is
generally caused by subsurface cracks which propagate to the surface and the damage described
here is for Hertzian cone cracks on the surface.

In addition to the relatively conventional scanning electron microscopy analyses, the
surfaces of bearing balls were examined in the as-received condition and after wear testing using
the atomic force microscope (AFM) (Appendix 25). This instrument allows the detection of
small deviations from the surface. The balls that were worn had a smoother surface than balls
that were as-received after surface finishing. Thus, it is not the surface finish, per se, that
contributes to the degradation, but rather grain pullout, fatigue and stress corrosion of the grain
boundary phases. Pits were observed on the surfaces of these balls.

Fractal analysis was used to characterize the wear damage on balls that were subjected to
wear in a four ball tester (Appendix 25). In addition, fractal analysis was performed on fracture
surfaces of fatigue specimens and of laboratory control bars failed at different stress levels. All
of the fracture surfaces had the same fractal dimension indicating that the fracture process was
the same in "spallation" damage of balls, on fracture surfaces of rods failed in cyclic fatigue and
of bars failed at low and high stress levels. Thus, this implies that the mechanisms of damage are
the same. Other tests as described above have confirmed that the ball damage was not spallation,
but rather a fracture process. Fracture in fatigue specimens may start for different reasons than
fast fracture bars failed in flexure, but the actual propagation is the same as in the controlled
laboratory tests.

This study showed that, for Si3N, the fractal dimension, D*, is the same for failure surfaces
created under different stress states. This fact implies that the fracture process in brittle materials
could be controlled by one stress mode, such as a local Mode I stress. The existence of a relation
between D* and the critical stress intensity factor Ky for SisN, further supports this supposition.
Furthermore, the D* value is independent of scaling factors for an identical material and again
demonstrates the fractal nature of fracture surfaces.

The information from this study implies that: (1) the fractal dimension of the fracture
surface produces additional information to indicate that the brittle material failure process is
governed by local bond breaking and controlled by a Mode I type stress regardless of the global
stress state; (2) the fracture process in SizNj is a self-similar process from small scales to large
scales, represented by its fractal dimension; (3) the relationship between D* and the material
constants further implies that fracture is a fractal process; and (4) using the relation of the fractal
dimension and fracture energy, we show an atomic scale process zone near the crack tip.

The reason that the fractal approach is appealing is that it not only provides a means of
characterizing the material’s failure surface, but also suggests a means for generation of the
fracture surface. From this study, the fractal method emerges as a method with potential for
identification of a failure model, and eventually will lead to an understanding of fracture and
wear processes in material structures.

Activity 4.0. Development of Precatastrophic Failure Prediction

The objective of this activity is to develop and test the models generated to predict wear
as a function of time. The approach and organization in this task are similar to that in Activity 3.
As data is generated in Task 1, 2, and 5, the effort in this activity will take on increased
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emphasis. In this activity two large reviews of activities related to the hybrid bearing materials
and the development of a theoretical approach for bearing service life are included in Appendices
26 and 27.

Personnel at the University of Utah and the University of Florida compiled a
comprehensive review with the state of knowledge on two bearing grade Si3;N, materials
(Appendix 26). Included in the report was the various ceramic processing steps used to make
ceramic bearing materials, microstructural and physical properties including bend strength,
hardness, and fracture toughness, and properties relevant to wear applications including RCF life
for both hybrid and all steel bearings. The theory formulated and tested for wear and fracture of
the SisNy rolling elements by Mecholsky and co-workers (Appendices 22-24) was also
summarized. Directions for further development and implementation of hybrid bearings were
also presented in this compilation provided in Appendix 26.

Dareing (University of Tennessee) has provided an evaluation of the performance and
prediction of bearing wear for the hybrid systems (Appendix 27). The wear data was generated
at the University of Utah and Florida and compiled at UF for Dareing as part of the synergy that
was present among program team members. Traction data used in the calculations was
generated by Dareing and his co-workers. The methodology developed by Dareing and co-
workers includes prediction of heat generation, roller ball wear, and torque input for radial roller
ball bearings. Performance predictions are based on the mechanism of microslippage within
Hertzian contact regimes. Wear was predicted for various combinations of bearing geometry,
material properties, load, surface conditions, and rotational speed. Additional details of the
mathematical model and computer program are provided in Appendix 27. This development by
Dareing and co-workers will greatly aid in the prediction of wear for hybrid bearings. The
hybrid bearing is predicted to perform better than steel bearings with respect to heat generation,
torque, coefficient of friction, and service life.

Activity 5.0. Development of Methods to Minimize Wear of Hybrid Bearings

5.1 Ti Surface Modification of M-50 (unheat-treated, soft)

Two types of surface modification techniques have been used with untreated M-50 steel:
Ion implantation and reactive sputter coating. Details of the surface modifications are provided
in Appendix 28. Under lubricated conditions, TiOy showed the lowest friction coefficient of
0.04 at relative humidity of 30-35%. A possible explanation for this behavior comes from the
surface chemistry. Since the TiOy surface possesses an acidic nature, it should attract OH-
groups from the oil lubricant and form a thin layer chemically bonded to the surface. This
relatively stable surface film could enhance the separation between the pin and the disc by
maintaining a better lubrication under all conditions. As a result, the friction force would be
reduced during the sliding test. This hypothesis needs to be confirmed by future experiments and
verified by surface chemical analysis.

For the unlubricated tests, TiCx showed a maximum friction coefficient of 0.4, which
was the lowest among all the samples tested under the same conditions. Furthermore, the friction
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value was not significantly affected by the change in relative humidity. Hard, high modulus
surface coating may result in less friction and wear by reducing the wear contact area. This effect
was verified by the reduced wear mark diameter from the Si3Ny4 pin as well as a reduced wear
track width on the disc. Physical separation between steel and the humid environment could
contribute to the lack of an effect of humidity when the TiCy surface modification is present.

Wear debris was collected during and after each wear test from the wear track and the
ball individually. The debris was studied using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) analysis. Significant differences in debris composition,
appearance, and quantity were observed over different surface conditions. By studying the
spectral peak ratio of Fe/O and Si/O, semi-quantitative information about the debris was
obtained.

For M-50 standard material, the Fe/O ratio was high and Si/O ratio was lower in debris
from the pin verses from the wear tracks. This suggests that either the amount of Fe transferred
to the Si3Ny4 pin surface increased or more oxidation occurred on the disc surface or both. More
Si transfer to the track was observed as the wear test proceedéd. For Ti implanted M-50, the Fe
quantity was low in the debris at for the earlier testing period. However, the amount of Si in the
debris from both ball and track increased significantly as the test proceeded. The TiCy coated
sample showed much less debris generation overall during the tests. A very small amount of Fe
was detected in the debris. However, the Si quantity increased to a much higher level than that
from M-50 and Ti implanted M-50.

Analysis of debris is still preliminary and much is currently in progress. However, using
wear track width and pin wear mark diameter as being proportional to wear volume, TiCx
showed the least wear rate and both M-50 and Ti implanted M-50 had similar wear rates under
the unlubricated conditions. A more complete analysis will be available in the future.

L. Under lubricated conditions, TiOy provided the lowest friction coefficient of 0.04 for
3/8" diameter pin under 50g load.

2. Under unlubricated conditions, TiCy provided the lowest friction coefficient of 0.4 for
3/8" diameter pin under 50g load.

3. Higher humidity results in higher friction coefficients for standard M-50 and Ti
implanted M-50. However, TiCx coated M-50 appears not to be affected by humidity variation.
4. Analysis shows that significant differences exist in debris composition, appearance, and

quantity for different testing materials. Both pin and disc are wearing.

Task 5.2 Silane Self-Assembly Systems as Lubricious Surface Treatments

Lubricants have among the additive package, species designed to provide lubricious
surfaces (Appendix 18). For example, tricresylphosphate is used to provide a lubricious agent in
all steel bearing systems. Like many amphiphilic molecules the polar, phosphate head group
binds to Fe sites on the steel surfaces with the relatively bulky, three aromatic rings extending
into the bulk solution to provide the desired lubricious surface. Choudhary has evaluated the use
of silane coupling agents using silicon as a model material. The eventual aim of this thrust is to
design lubricant additives specific to the hybrid bearing materials in contrast to the lubricant
additive packages developed for all steel bearings that are nonetheless used in hybrid bearing
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systems. Self-assembled films on Si using three different organo-silanes, n-octadecyl-
triethoxysilane (OTES), n-octadecyltriethoxysilane (OTMS), and , n-octadecyltrichlorosilane
(OTCS) were used to evaluate the efficacy of the self-assembled monolayers (SAM) to provide
lubricious surfaces. Pin-on-disk with a SAM on a Si flat and a SizN, pin was used to determine
coefficient of friction as a function of speed, pin travel, load and relative humidity. Three
organo-silanes differing only with respect to the coupling moiety were used because the
organization in the SAM increases in order from the chloro, methoxy, and ethoxy based coupling
agents. The SAMs provided increased lubricity for speeds up to 0.5 cm/s in dry conditions, but
their influence disappeared above this speed. Relative humidity increased the CoF increased,
while COF determined in a synthetic lubricant was as low as 0.01. In general, SAM stability
indicated by the load that a SAM was capable to withstanding while providing lubricity
decreased as the organization of the SAM increased. It is believed that the SAMs based on
OTES and OTMS, although more organized, are more brittle and, therefore, more subject to
mechanical degradation than the more poorly organized OTCS-based SAM. The results of this
work indicate it is feasible to use organo-silanes to provide a lubricious coating on silicon-based
materials so long as the coating is compatible with the lubricious agent on the steel raceway.
However, work is currently being designed to test whether the organo-silanes can diffuse rapidly
enough from the bulk solution to the bearing surface during operation to provide a self-healing
lubricious layer.

Task 5.3 Hard Coatings

The work conducted on the processing and tribological properties of hard coatings are
summarized in Appendix 30-34. Both diamond-like-carbon and diamond coatings was evaluated
as part of this effort. Diamonex, Inc (Allentown, PA) used chemical vapor deposition techniques
to coat M-50 steel with diamond-like-carbon (DLC) coating and a form of DLC designed for
higher temperatures for Adair and co-workers. The primary advantage of putting a DLC coating
on the M50 steel raceway materials rather than diamond is that DLC may be deposited at
temperatures much lower than those required for diamond. As a consequence, the thermal
expansion mismatching, carbonization, other problems experienced in depositing diamond on
steel are avoided with DLC coatings on steel. Nunez then performed the tribological testing
using a pin-on-disk system to determine coefficient of friction as a function of load, relative
humidity, and temperature. It was found that the CoF was relatively insensitive to load over the
range of loads tested (25 to 250g loads) for the 0.25 inch ball and DLC-coated M50 steel flat
used in the pin-on-disk tester while both relative humidity and temperature had profound effects
on CoF. In unlubricated conditions, the CoF increased with increased relative humidity, while
CoF decreased with temperature to 300°C (CoF=0.05), but increased to 0.1 and 0.3 at 400°C and
500°C, respectively. The CoF value increased from 0.05 at 35%RH to 0.05 to 0.1 at 65%RH for
the SisN4/DLC-M50 system. In contrast, the SisNy/MS50 steel pin-on-disk system had CoF
values from ~0.45 for unlubricated conditions to ~0.12 with a synthetic polyester-based
lubricant. Thus, the 4 micron thick DLC on the M-50 significantly reduced the CoF, particularly
for unlubricated conditions. The CoF results for the various conditions were consistent with
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evaluations by Gardos and Ravi and Erdemer et al. that discussed the role of the surface
chemistry, particularly the state of surface hydrogenation as a function of environment.

A number of reports have been generated for diamond coatings on the Si3N, rolling
element material as well as a general approach to control the grain size of CVD diamond films
(Appendices 31-34). Films up to 5 micron thick have been reported using the particulate
enhanced CVD approach based on control over the colloidal properties of abrasive diamond
powders used as nuclei in the CVD growth of diamond (31-33). In Appendix 34, the use of
nanometer diamond seeds permits the preparation of diamond films on SizN4 with an as-grown
surface roughness of R,=24 nm in contrast to the typical diamond film surface roughness of
R,2100nm. The surface roughness of diamond coatings is an issue in preparation because
specific wear rate increases with increased roughness. Polishing diamond is possible, but
polishing should be unnecessary if the surface roughness of the as-grown CVD diamond is low
enough. The specific wear rate of the initially diamond-coated Si;N4 pin fell in between
literature values for CVD diamond films polished to R, values of ~100nm and 11nm. The
experimental results verify the hypothesis that as-grown surface roughness of diamond films can
be controlled by the enhanced CVD process developed at UF and that specific wear rate of a
SizNy pin is a function of diamond surface roughness.

Task 5.4 Coatings the Provide Surface Compression

Low fracture toughness has always been a concern in using ceramic materials for bearing
elements. Silicon nitride has slightly higher fracture toughness than other monolithic ceramics,
but such toughness has to be combined with quality-controlled processing routes, fine surface
finish and nondestructive evaluation in order to have consistent performance. Residual
compressive stress on the surface of silicon nitride bearing elements is expected to have the
advantage of higher apparent fracture toughness and damage resistance, with potential for cost
savings in processing, surface finishing, and nondestructive evaluation (Appendices 35 through
37).

Surface compression has a positive effect on the RCF performance; however, several
important questions must be addressed before this approach can be utilized. For example, (1) the
effect of the residual surface compression on the RCF performance of CVD SiC should be
examined at different levels of surface compression. It is likely that there is an optimum
compressive stress for this approach since the CVD SiC will spontaneously debond at the
substrate-coating interface if the surface compression is too high; (2) it is essential to eliminate
subsurface defects in the CVD-SiC that can lead to catastrophic spalling; (3) can this approach
be employed on CVD SisN4? Currently, the deposition rate of CVD Si3N, is too low to be
economically viable. -

Surface compression via the layered composite concept can also be implemented by a
cosintering process. However, this approach is likely going to increase the manufacturing cost of
ceramic bearings. Optimum surface compression plus appropriate substrate with lower material
cost appear to be the key elements for the successful application of this technology.
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EDUCATIONAL ACTIVITIES

During the course of the program at the University of Florida, 1 B.S. Honors thesis, 4
M.S. degrees (3 with thesis and one non-thesis) and 5 Ph.D. degrees were awarded with one M.S.
and two Ph.D. pending at this writing. Abstracts for the theses are also provided in the
appendices of this final report.

The concepts embodied in tribochemical interactions and tribological behavior of
materials have been incorporated in the graduate curriculum at the University of Florida via
modification of existing graduate courses. Dr. Adair teaches two courses, Applied Solution
Chemistry and Applied Colloid and interfacial Chemistry that have incorporated relevant aspects
of tribochemistry and lubricant chemistry into the curriculum. Dr. Mecholsky has also folded
tribological and cyclic interactions into his graduate course on Advanced Mechanical Properties
of Materials. Dr. Adair also teaches two undergraduate courses entitled Design of Engineering
Ceramics and Environmental Stability of Materials while Dr. Mecholsky teaches an
undergraduate course on Mechanical Behavior of Materials which incorporate tribological
properties of materials as part of the learning process for undergraduate students in Materials
Science and Engineering at the University of Florida.
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Final Program
on
First Annual Workshop on Predicting Materials Degradation and
Fatigue in Aerospace Structures.

January 7, 1994
University of Florida Reitz Union

Conference Room 349 !

8:00 - 8:30 AM Registration & Continental breakfast
8:30 - 8:45 - Welcome and Introduction Dr. Reza Abbaschian
8:45 - 9:10 Program Objectives and Management of Wear Dr. Dow Whitney
9:10 - 9:35 Task 1 Detection of Wear Ben Smith
9:35 - 10:00 Task 2 Measurement of Wear . A Dr. Jack Mecholsky
: Dr. Dinesh Shetty
10:00 - 10:15 Coffee Break
10:15 - 10:40 Task 3 Determination of Wear Mechanisms Dr. Dow Whitney
10:40 - 11:05 Task 4 Precatastrophic Wear Prediction ’ Dr. Jim Adair
11:05 - 11:30 Task 5 Methods to Minimize Wear Dr. Paul Holloway
11:30 - 11:45 Expected Results : Dr. Jim Adair
11:45 - 1:30 . Lunch - Ballroom A-Reitz Union |
1:15 - 2:30 Committee Meetings
Room 363 Detection of Wear Dr. Jim Winefordner
Room 362  Measurement of Wear - Dr. Jack Mecholsky
Room 336 Determination of Wear Mechanisms Dr. E Dow Whiney
Room 334 Precatastrophic Wear Predictions Dr. Jim Adair
Room 361 Methods to Minimize Wear Dr. Paul Holloway
2:30 - 2:45 Coftee break
2:45 - 3:30 Committee Reports
3:30 - 5:00 Laboratory tours of MSE, Chemistry, and Major Analytical Instrumentation Center
6:00 Reception - Student Posters and Wine & Cheese - Ballroom A-Reitz Union

7:00 - 9:00 Dinner Banquet - Ballroom A-Reitz Union
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FIRST ANNUAL WEAR WORKSHOP REPORT AND RECOMMENDATIONS
January 7, 1994

TASK 1. DETECTION OF WEAR

Modifications/Suggestions

. Analysis of other elements (Minor, Trace)

Steels (MSONEL) + Ceramics

II. Particle Size Limitations of Methods

[TI. New Standards

IV. Fluorinated as well as Conventional Lubricants
1. New Standards
2. Absolute vs. Standards Analysis

TASK 2. MEASUREMENT OF WEAR
I. Tests to Produce Wear
II. Measurement of Wear
III. Other Pertinent Points
1. Tests to Produce Wear
A. There are no standard tests.
B. Any existing test will measure some character of wear.
C. Tests can rank effects of variables (e.g. lubricants) in nearly the same order.
(However, tests are not the same)
D. Use lubrication during tests. (Application Driven)
2. Measurement of Wear
A. Ceramic wear is difficult to measure.
B. Profilometer will provide same info.
C. Weight loss may not be meaningful.
D. Dry tests are not meaningful. Use lubrication.
3. Other Pertinent Points
A. Unintentional dynamic loading may be most important factor in wear tests.
B. Moisture is important.
C. Tests and analysis should be application driven.
D. Cleaning of balls is important.
E. NDI very important and exists.
F. Univ. contrib.= deter. of incipient damage

TASK 3 and 4. WEAR MECHANISMS AND PREDICTION OF
PRECATASTROPHIC FAILURE (NOT FRACTURE)
I. Cull Freaks:
1. NDI/NDE dye penetrant. Evaluate dark field Fluorescence UV- IR microscopy
2. Acoustic ultrasound (2 10 g m) (acoustic microscope)
II. Controls for Chemical/Physical Analysis for Wear Debris
1. Large as well as small particles
III. Keep Company Samples Proprietary (generic labels)
IV. Only Use Well-Characterized
1. Oils - mineral
2. Additives - ester
3. Anti-oxidants, etc.
4. Fluorinated lubricants - required temperature range from -65°F to 700°F
5. polyphenylethers required temperature range (+40°F to 550° F)
V. Communicate with Industry/Gov't/University
1. (Phone numbers)

2. inventin
we are covering new ground)




VL. Samples to be Generated at UF
VII. Samples/Specimen Generated by Industry/Gov't
VIIL. Provide Specific Goals and Work Plans for UF Date Gencration
(i.e. % RH, temp., =il, surface finish)
IX. Be sure to define the (usually) variables that are not usually well documented
(i.e. RH, water, conc. in oil)
X. Air/Fuel Ratio
XI. Are There Any Mechanisms at Partners to Transfer Know-how etc. Via
Graduate Student Training?
XII. Co-ops
XIII. Fellowships, etc.
XIV. Faculty Visits
XV. Sabbaticals(?)
XVI. Florinated Fluids
XVII. Need to use freon type solvents
1. 2450 M H,
2. Dilution microwave -2.45 GH,

3. w/ Xylene Al, Mg, Y etc. in 10ppt_1-3 um Si3N4 particle

TASK 5. METHODS TO MINIMIZE WEAR
I. Use hard/compressive coatings
II. Use lubricating layers
1. Solid
2. Liquid
3. Combination
III. Techniques:
1. Agree that plasma spray and similar approaches not good prospects
2. Ion implant not good for production
3. Others to consider
A. Laser ablation
B. Plasma polymerization/pyrolysis
IV. Materials
1. Hard/compressive
A. BIRL: working with CxNy
Tle/NbNy/MON z
CrNx/TiNy
Ti-AONy
B. Opportunity to exchange Mat'l/Charact.
BIRL<-> UF
C. UF <-> diamond coating
2. Lubrication:
A. Be aware of distinction of hard vs. lubricating layers
B. Computer programs
3. Self-generating, healing protective/lub. layers
A. Very desirable (not exactly smart).
B. Examples: SiOz, MoS2, DEBRI, TiO2
C. Not a Si3N4 - production program
V. Environment
1. RT -? (800°F)
2. Air to Fuel/Air Mixtures
3. Humidity - very important
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1995 WORKSHOP
RECOMMENDATIONS

TASK 1 - DETECTION OF WEAR
J. Winefordner, Presiding

Bring perfluoropolyalkyl ether lubricants into program - in all applications and
tests.

Add new metal elements to lubricant analysis including Cr, Ti, Ni, and Mo.
Inciude Cronidur 30 samples with Si3N4 ball bearings.

Analyze debris-laden oils.

Study particle size effects (Al203, etc.) for ETV-ICP-MS.

Organometallics in fluorinated lubricants behavior in ETV-ICP-MS.

Vaporization of small (<1 mm) Si3N4 balls with DC arc method.

TASKS 2 & 3 - MEASUREMENT OF WEAR
J. Mecholsky, Presiding

Tests and Measurement of Wear
A. Examining only one variable during wear test may be misleading.
Therefore, use several measurable characteristics (e.g., weight loss,

profilimeter traces of wear track, etc.).

Identify incipient wear at low stresses, i.e., realistic stresses.

C. Identify threshold stress level, if it exists. Critically examine ways to do
this.
D. Examine worn balls or rods from bearing systems.

‘Other Pertinent Points

A. Handling of balls is critical! The balls should be individually
packaged and handled.

B. Lubricants are important but, for now, we should select one "standard."
(Partnership agreed to Exxon turbo oil 2380 for the time being.)

C. Use the atomic force microscope more to examine wear tracks.

It is suggested that tests be interrupted to determine if there is




evidence of incipient wear.
E. Break down of films can be critical and should be addressed.
F. Tests at £ 700°F should be attempted where possible.

G. Microstructure/property correlation is essential.

TASK 5 - METHODS TO MINIMIZE WEAR
P. Holloway, Presiding

OBJECTIVES:
Minimize wear

Detect wear, impending failure

Self heal
I. Properties to be determined
A. Coefficient of friction
B. Lubrication layer retention
C. Thermal conductivity
D. High hardness
E. D coefficient of thermal expansion

2. Temperature ranges to be examined

A. Phasg IH - 700°F (bulk oil-in temperature)
B. Lower temperature - 550°F

C. At rolling contact - (P&W - John Minor)

3. Materials to be incorporated
A. Balls - Si3N4
B.  Retainer - AlSi 4340/Ag Plate
- Hard retainer
C. Race
©  Base - M50, M50NiL

Pyrowear 675 (carbarized, class III super 12 stainless Steel)
Cronidur - HNS, LNS




Lubricants to be examined

A. Up to 700°F - Perfluoropolyalkylethers (PFPAE) + additives
(WPAFB, P&W)

B. Up to 350°F - EXXON 2380

Coatings to be incorporated
Thin dense Cr - TDC
CrNy

NbNx

DLC

TiOy, TiCx

momo 0w

Nanocomposite layered structures
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: . Rob Sabia, Dr. Rajiv Bendale
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Task 2 - continued Dr. Dinesh Shetty
Task 3 - Determination of Wear Mechanisms Dr. Whitney
Task 4 - Precatastrophic Wear Prediction Dr. Jim Adair
Task 5 - Methods to Minimize Wear Dr. Paul Holloway, Dr. Adair
: Dr. Charles Beatty
Summary Dr. Adair

Reception, Student Posters, Wine and Cheese — Arredondo Room, 4th Floor

Banquet — Arredondo Room, 4th Floor Dr. Roger Bursey, Speaker
“Experiences with Hybrid Bearings in the
Oxygen Turbo Pump in the Space Shuttle"

Continental Breakfast — 282 Reitz Union
Committee Meetings

Room 272 Detection of Wear Dr. Winefordner, Dr. Smith
Room 276 Measurement of Wear Dr. Mecholsky, Dr. Shetty
Room 278 Methods to Minimize Wear Dr. Holloway, Dr. Adair

Coffee Break
Committee Reports

Laboratory Tours of Materials Science and Engineering, Chemistry, and Major
Analytical Instrumentation Center
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Abstract of Dissertation Presented to the Graduate School .
of the University of Florida in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy
DETERMINATION OF WEAR METALS IN LUBRICATING OIL BY
ELECTROTHERMAL VAPORIZATION INDUCTIVELY COUPLED PLASMA
MASS SPECTROMETRY
By
Monica Paola Escobar -
May 1995

Chairperson: James D. Winefordner
Major Department: Chemistry

The inductively coupled plasma mass spectrometer (ICP-MS) is one of the few
techniques capable of multielement determinations with low detection limits. ICP-MS
is an almost ideal technique for the analysis of lubricating -oils due to its many
advantages, which include broad linear dynamic range, multielemental analysis, rapid
acquisition of mass spectra, and low detection limits. However, there is a serious
problem when an organic matrix is nebulized into the ICP-MS. Carbon condenses on
the cooled interface cones, sooting and blocking the apertures. This is prevented by
adding a small amount of oxygen (2 - 10%) to the carrier gas so thét all the carbon
is oxidized and volatilized. Too little oxygen will result in clogging of the interface

and too much will result in rapid deterioration of the orifice. A second disadvantage

of nebulizing organics into the ICP-MS is that carbide compounds formed in the ICP




may act as molecular interferences for some elements, making it difficult or impossible
to detect these elements.

Electrothermal vaporization (ETV) was chosen as a sample introduction
technique because it eliminates several of the problems associated with conventional
nebulization. When using ETV with ICP-MS, the graphite furnace vaporizes the
sample, and it is then transported to the ICP where it is ionized. Each step can then
be optimized separétely, adding several advantages to the technique: analysis of small
sample volumes, high sample transport efficiency, even higher sensitivity, and
separation of the analyte from the sample matrix, which- leac_ls to the ability to analyze
samples in organic, high acid, and high solid matrices. This makes it possible to
analyze oil samples while eliminating oxygen~ addition and reducing molecular
-interferences due to the organic matrix.

This dissertation describes the development of a method for the determination
of wear metals in lubricating oils by electrothermal vaporization inductively coupled
plasma mass spectrometry. Hardware modifications were made to the ETV to
improve transport efficiency to the ICP. These included the addition of a graphite
plug holder, a new ETV-tubing interface, a new sample transfer valve, and a
modification to the sample introduction glassware. The technique was then
chatacterized using aqueous solutions of the analytes of interest with sodium chloride
and palladium nitrate added as sample carriers. Finally, a method was developed for

the detection of Al, Mg, Fe, and Y metallo-organic compounds in an oil matrix.




APPENDIX 3, M.P. Escobar, B.W. Smith, and J.D. Winefordner, "Determination of
Metallo-Organic Species in Lubricating Oil by Electrothermal Vaporization Inductively
Coupled Plasma Mass Spectrometry,” Analytica Chimica Acta, 320, 11-17(1996).
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Determination of metallo-organic species in lubricating oil by
electrothermal vaporization inductively coupled plasma mass
spectrometry
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Abstract

Inductively coupled plasma mass spectrometry (ICP-MS) is one of the few techniques capable of multielement

. determinations with low detection limits. However, when an organic matrix is nebulized into the ICP-MS, carbon condenses '

on the cooled interface cones, sooting and blocking the apertures. A second disadvantage of nebulizing organics into the
~ ICP-MS is that carbide compounds formed in the ICP may act as molecular interferences for some elements, making it
- difficult or impossible to detect these elements. Electrothermal vaporization (ETV) was chosen as a sample introduction
technique because it reduced the problems associated with conventional nebulization. When using ETV for sample
"introduction, the analyte was separated from the sample matrix, which made it possible to analyze oil samples while
climinating oxygen addition and reducing molecular interferences due to the organic matrix. We have developed a method
for the determination of Al, Mg, Fe, and Y metallo-organic compounds in lubricating oil by electrothermal vaporization
inductively coupled plasma mass spectrometry. A pneumatically-operated graphite plug holder was added to the ETV so that
the dosing hole could be plugged during the ETV heating cycle.

Keywords: Electrothermal vaporization; Inductively coupled plasma-mass spectrometry; Wear metals; Organo-metallic species; Lubricating
oils

1. Introduction ids used with these bearings is important in the

development of models concerning the mechanisms

There is a strong interest in replacing metallic ball
bearings with those made of silicon nitride (Si;N,),
for a wide variety of applications. The determination
of wear-related trace elements in the lubricating flu-

* Corresponding author.
! Present address:- Procter and Gamble Pharmaceuticals, P.O.
Box 191, Norwich, NY 13815, USA.

of wear for these materials. The routine determina-
tion of wear debris may also serve as an indication
for optimization of engine maintenance procedures.
The composition of wear debris provides insight
into how the bearings are wearing as well as wear
information about other engine components. The rou-
tine testing of lubricants used in engines is also
important for diagnostic purposes, including preven-
tive maintenance by ‘indicating when oil chunges,

0003-2670,/96 /$15.00 © 1996 Elsevier Science B.V. All rights reserved
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component replacement, and engine -overhauls are
required. The wear metal debris can be metallic
(from mechanical wear), oxidized (from oxidative

corrosion), or metallo-organic (from chemical corro- ~

sion). Therefore, it is important to use an analytical
technique that will detect dissolved species to mil-
limeter-sized particles.

Electrothermal vaporization (ETV) is an excellent
sample introduction technique for inductively cou-
pled plasma mass spectrometry (ICP-MS) analysis
with organic samples. It requires only a small sample
volume and has rapid sample changeover. Most im-
portantly, the organic matrix may be removed and
.. vented to atmosphere by using a carefully pro-
grammed ETV temperature ramp, reducing the level
of carbide interferents and preventing the clogging of
the sampling cone of the mass spectrometer. For this
reason, oxygen addition for organic matrix ashing is
. normally not required. However, very little research
has been reported in this area. A brief review of
previous work involving metals in organic samples
by ETV-ICP-MS follows.

Hall et al. [1] were the first to use ETV-ICP-MS
for the determination of metal in organic material.
They determined gold in.isobutyl methyl ketone
(IBMK), a solvent commonly used for the extraction
of geological samples. The authors used a labora-
tory-built glass domed ETV. They vented the organic
- matrix during the drying step before vaporizing the
Au into the ICP. They had favorable results, with a
3% R.S.D. and adetection limit for gold of 8 pg/ml.

Osborne [2] determined elemental as well as or-
ganic mercury in petroleum samples. He used a
modified Perkin Elmer HGA 500 furnace coupled to
a Sciex 250 ICP-MS. Post-furnace addition of oxy-
gen to the carrier gas was used to ash the organic
matrix. The ETV parameters used were a vaporiza-
tion step at 2650°C and a cleanout step at 2700°C.
No statistical difference was found between the de-
termination of elemental and organic Hg. A compari-
son was also made of the Hg signal obtained when
the organic mercury compound was dissolved in
different length alkanes (Cs—Cj,); it was found that
the Hg signal decreased as the carbon chain length
was increased. The best results were obtained with a
carbon length of 12 or lower. The precision was
between 5.9-13% R.S.D. for the shorter chains and
- 70 and 55% R.S.D. for C, and C;,, respectively;

the detection limit was 3 ppb Hg in pentane. The
decrease in Hg signal with increasing chain length
was attributed to the increased plasma loading be-
cause of the increased energy demands for longer

.carbon chains and the spatial distribution of the Hg

which was not confined to the plasma axis. The

author also noted an increase in the wear of the -
interface cones due to the additional oxygen. Richner
and Wunderli [3] used ETV-ICP-MS to differentiate '

between organic and inorganic chlorine. A Sciex

platform graphite tubes. Oxygen gas flow at 20
mli/min was added to the furnace carrier argon to
ash the organic matrix. The ETV ramp temperature
program consisted of a drying step at 140°C, an
initial vaporization step at 400°C to vaporize the

organic Cl, and a second vaporization step at 2650°C

to vaporize the inorganic Cl. The main application of
this method was in the determination of polychlori-

nated biphenyls (PCBs) in waste oils. The precision

of the method for Cl was 10-20% R.S.D., with
detection limits of 0.5-9 pg/g for different PCBs.

. Elan 5000 and ETV-600 were used, along with :

However, PCBs containing less than three Cl atoms -

could not be detected, even at 50 ug/g. The authors

attributed this to the high volatilities of these com- |

pounds. They concluded that the Cl compounds were

being vaporized during the drying step, accounting

for the loss of signal. Because the method could not
distinguish between PCBs and other organic Cl com-
pounds, it was suggested that it should be used only
as a rapid screening technique for the determination
of PCBs in waste oils. :
Manninen [4] used ETV-ICP-MS for the determi-
nation of extractable organig chlorine (EOCI). EOCl
is the portion of total organic chlorine which is
separated from a sample by using an organic solvent
extraction procedure. A Fisons PlasmaQuad PQ II
with a Fisons ETV Mk III instrument was used for
the analysis. The furnace heating was as follows: the
drying step was at 100°C, the ashing temperature
was 1000°C, and the vaporization temperature was
2600°C. The furnace was not vented during drying or
ashing, and no oxygen was added to ash the organic
matrix; carbon build-up was observed on the inter-
face cones. Several chlorinated compounds were
studied, including p-chloroanisol, pentachlorophe-
nol, trichlorscthene, and o-chlorobenzoic acid. Chlo-
rine was determined in ethyl acetate with a detection
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limit of 10 ng. The precision was 5% R.S.D. for
standards and from 5 to 30% R.S.D. for real sam-
ples.

The goal of the present research has been to -

develop analytical methodologies for the quantitative
analysis of both minor and trace elements present as
soluble metallic species and as wear particles in
lubricating -oils. Our initial approach has been the
application of ETV-ICP-MS to the quantitation of
metallo-organic species present in lubricating oils.
“The elemental species chosen (Al, Mg, Fe and Y) are
considered to be critical in detecting wear in
Si3N,—steel bearing systems.

2. Experimental
2.1. Reagents

Single element metallo-organic standards of Al,
Mg, Fe, and Y at 500 ug/g in base oil (Johnson
Matthey, Ward Hill, MA) were diluted in xylene
(Low Trace Metal Grade, Mallinckrodt, Chesterfield,
MS) to make solutions of 20% oil by weight /volume
(20 g 0il /100 ml total volume) in xylene. Base oil
was used to provide enough oil to make up 20% oil
and to prepare analytical blanks. A multielement
metallo-organic standard in oil which contained 21
elements at 10 ppm (wt.) (S-21, Conostan, Ponca
City, OK) and Standard Reference Material 1084a
(wear metals in oil, 100 ppm, NIST, Gaithersburg,
MD) were diluted in a similar way. Blanks for these
standards were prepared from base oil obtained from
each source. Solutions of NaCl (99.9%, Puratronic
grade, Johnson Matthey, Ward Hill, MA) were pre-
pared in methanol (Optima grade, Fisher Scientific,
Pittsburgh, PA).

2.2. Apparatus

The inductively coupled plasma mass spectrome-
ter used for this work was a Finnigan MAT SOLA
equipped with the SOLA ETV accessory. The elec-
trothermal vaporizer was modified by the installation
of a pneumatic graphite plug holder for the dosing
hole. It was important that the organic matrix from
the oil samples not enter the plasma to prevent
_ sooting and blocking of the interface apertures. The

best way to accomplish this was to vaporize the -
organic matrix at a low temperature before vaporiz-
ing the analyte. A pneumatic plug holder was con-
structed so that the graphite tube could be vented
through the dosing hole and then plugged during the
heating cycle. :

2.3. Instrument optimization

The optimization of instrumental parameters was
difficult with a ‘dry’ plasma. A constant signal was
required to tune the instrument, or adjust the voltage
settings on the mass spectrometer to obtain a maxi-
mum signal. A constant signal was also required to
optimize the placement of the plasma torch position
over the sampling orifice. Many researchers have
tuned the lenses using a wet plasma, or nebulizing a
standard solution, then removing the nebulizer and
spray chamber after optimization and hooking up the
ETV interface [1,5-11]). A few researchers have
tuned with a wet plasma, then continued to nebulize
blank water throughout the ETV runs in order to
minimize changes in the ion lens settings [12,13].
Several researchers have tuned on a signal from an
element slowly vaporized from the furnace, such as
mercury [14-16). One group tuned on the *C signal
generated from a blank ETV firing or from CO,
present as an impurity in the argon gas supply, then
tuned on the Cd signal generated from its slow

-vaporization off of the furnace [17,18]. Several other

researchers have tuned on the signal present from a
spectral feature in the plasma, such as Ar, [14] or
ArH [19]. Tuning on the signal from an element
vaporized from the fumace was difficult because a
stable signal was difficult to generate, and adjust-
ment of the torch position using a spectral feature
was impossible because species such as Ar, were
present throughout the plasma.

In our laboratory, tuning was accomplished using
nitrogen added to the ETV carrier gas flow. House
nitrogen was connected to the auxiliary mass flow
controller on the ETV. Using this controller, N, gas
was slowly bled into the main ETV argon gas flow
to the plasma. A nitrogen gas flow of 10-30 m!/min
added to the 1 1/min argon flow produced enough
signal at mass 14 or 28 to detect with the Faraday
plate detector. Without the added nitrogen flow, no
signal was observed on the Faraday detector. Nitro-
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gen was present throughout the plasma. However,
during the tuning procedure, the nitrogen concentra-
tion was higher in the central channel than through-
out the rest of the plasma. Therefore, the torch was
finely adjusted over the sampling cone orifice. Initial
adjustments were made using a wet plasma, nebuliz-
ing a standard tuning solution of 2 ppm Al, Mg, Cd,
Pb, and In, once every one to two weeks. The
nebulizer was then removed and the ion lenses were
then tuned using nitrogen at mass 14 (N*) or 28
(N3, or argon at mass 40, depending upon the mass
of the analyte of interest. This method worked well
because a constant signal could be maintained for as
long as necessary.

The ETV parameters were optimized for each
element, except carrier flow, which was kept con-
stant at 1 1/min, as this was the flow needed to
puncture the plasma and form the central channel.
The ETV vaporization temperature was optimized by
measuring three injections of the same concentration
for a series of temperatures. The peak intensities and
precision for each set of runs were compared, and
the temperature that gave the highest intensity, with
good precision (< 15% R.S.D.), was chosen as the
optimum vaporization temperature.

2.4. Procedure

A 10 pl aliquot of organic standard was intro-

duced into the graphite furnace through the dosing
hole with a 25 ul gas-tight Hamilton syringe (Model
1702, Hamilton, Reno, NV). The furnace program
was then initiated through the computer, and the
graphite plug holder was actuated at the appropriate
time with the aide of a stopwatch. Each new plug
was conditioned twice by consecutive blank firings
to remove any impurities in the graphite, and the
plug was replaced daily. At the time set by the
operator in the software program, the sample valve
was actuated by the computer so that the ETV carrier
argon flow was diverted from the ICP. The mass
spectrometer scanned from 8 to 12 s for each run.
The parameters were set for a dwelltime of 50 ms
per channel with 64 channels per atomic mass unit.
The Faraday plate detector was used for all runs as
the signal intensity was too high for the electron
multiplier detector. The SOLA software had no
means of performing single ion monitoring; in order

to monitor only one mass throughout the length of
the ETV ramp, the mass analyzer had to be manually
switched to the ‘‘local”’ mode using the switch on
the front control panel of the mass spectrometer once
the ETV run was initiated and the mass of interest
was selected. Limits of detection were calculated
based on the 30 criteria using the standard deviation
of a series of blank injections as the measure of
blank noise. [20].

3. Results and discussion
3.1. Matrix modification

Promising results have been obtained usin’g NaCl
as a carrier for the determination of aqueous stan-
dards in ETV-ICP-MS [21]. However, NaCl in aque-
ous solution and in methanolic solution were both
found to be unsuccessful as a carrier for metals in
organic solvents because of splattering in the former
case and poor precision (15-70% R.S.D.) in both
cases. Fortunately, the carbon in the organic solvents
proved to be sufficient as a carrier for the metals of
interest.

3.2. Measurement of metallo-organic Al

The best ETV conditions were found to be those
in Table 1. By insertion of the 1200°C ashing step
with a 1.5-20°C rest time prior to the vaporization
step, it was possible to avoid a spectral interferent
(possibly CHN™*) from the organic matrix and to
achieve a %R.S.D.~14 for a 0.5 ng organo-
aluminum sample. -

The proposed mechanism for the two-step ETV
program was that at the first vaporization tempera-

Table 1 :
ETV temperature program for metallo-organic aluminum
Temperature (°C) Ramp time (s) Hold time (s)
350 35 30
1200 2 2
20 1 1
2400 1 2
20 2 5

ETV valve delay: 59 s; ETV scan delay: 4 s.
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ture (2 s at 200°C), the furnace temperature was not
held long enough for steady-state conditions. There-
fore, some of the organic matrix vaporized but not
the Al If this step was held for a longer period of
time (7 s instead of 2 s), the signal of the second
peak (at 2400°C) started to decrease while the inten-
sity of the first peak increased. This was most likely
due to the metallo-organic Al being vaporized at the
1200°C step. The 20°C rest step simply separated the
two signals in time, while providing a short time for
recondensation of the analyte to occur in the graphite
tube.

The proposed mechanism which involves a por-
tion of the organic matrix functioning as the sample
carrier was verified as follows. The oil was not
completely vaporized in the furnace during the first
vaporization step which was verified by observing
the green C, emission in the ICP and by monitoring
the C, signal at mass 24 during the second vaporiza-
tion step. Kantor [22] described the use of organic
species as carriers. Citric acid has also been used

successfully as a carrier [21]. Additional proof that -

the organic matrix was acting as a carrier involved
varying the volume of a 300 ppb Mg sample and
measuring each volume three times while monitoring
the Mg.signal. The results in Fig. 1 show that the
signal did not increase linearly. The increased trans-
port efficiency with larger amounts of matrix is
consistent with the organic species being the carrier.

Calibration curves for metallo-organic Al in 20%

base oil in xylene were linear from the detection
limit to the highest mass (50 ng) run. The correlation
coefficient (R) was 0.999 for peak intensity versus
Al mass. The correlation coefficient for peak area vs.
Al mass was (0.994. The limit of detection for the
peak height data was 200 pg, and the limit of
detection for the peak area data was 400 pg. Poorer
precision was obtained for peak area (< 20% R.S.D.)
than for peak height (< 10% R.S.D.). The poorer
precision was probably the result of the incomplete
separation of the spectral interferent (CHN*) from
the Al signal. This did not affect the peak values
significantly, as the interferent appeared as a shoul-
der on the peak. The detection limit was blank-
limited. It was impossible’to obtain a cleaner oil and
xylene blank because most organic solvents are puri-
fied for organic content, not metal content. The
linear response extended to 50 ng, where the Faraday
detector was saturated. However, the Faraday detec-
tor could have been set to less sensitive settings to
extend the detection range up to two orders of
magnitude.

3.3. Measurement of metallo-organic Fe

The optimum ETV program used for Fe is shown
in Table 2. The valve was opened during the 20°C
rest time to limit the organic vapor being transferred
to the ICP. The ashing temperature was lower for Fe
than Al. Since the metallo-organic compounds in the
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1.0x107 -

|
5.0x10%
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Fig. 1. Effect of sample volume on organometallic Mg signal (300 ng/ml Mg).
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base oil standards are proprietary, it is not known if
the Fe compound was indeed more volatile than the
Al compound. At ashing temperatures higher than
900°C, the analyte peak started to decrease because
of Fe loss during the ashing step. The analytical
curve using the Fe ETV program was linear from the
detection limit to 150 ng. The detection limit was
130 pg, and the R value was 0.999. The detection
limit was once again blank-limited. The precision
was generally less than 10% R.S.D., except for the
two lower concentrations, which were between 15
and 25% R.S.D. The upper limit of linear response,
150 ng, was limited by saturation of the Faraday
plate detector at the most sensitive setting.

3.4. Measurement of metallo-organic Mg

Mg was especially difficult to measure in an
organic matrix because C, is an interferent at the
same mass. This posed an even greater challenge
because carbon particulates were acting as the ana-
Iyte carrier. A small percentage (2-15%) of oxygen
~ was bled into the furnace during the drying and
ashing steps to ash the carbon. Much of the carbon
was removed, as observed by the decrease in the
. carbon signal. However, the precision of the Mg
suffered, with 50% R.S.D. being typical. This was
attributed to the loss of the carrier, namely the

organic matrix. Sodium chloride in methanol was

-also unsuccessful as a carrier for Mg. Therefore,
NaCl addition and oxygen ashing were not used.
The optimized ETV program for metallo-organic
Mg is show in Table 3. A series of calibration
standards were measured, resulting in linear calibra-
tion curves from the detection limit to 10 ng. The R
value was 0.99, which was slightly poorer than that
for Al or Fe. The precision was also poorer, ranging

Table 2
Optimum ETV program for Fe
Temperature (°C) Ramp time (s) Hold time (s)
350 35 . 30
900 1 2
20 1 1
2600 1 2
20 2 5

ETV valve delay: 68 s; ETV scan delay: 1s.

Table 3
Optimum ETV program for Mg
Temperature (°)  Ramp time (s) Hold time (s)
350 35 30 '
1200 1 2
20 1 2
2600 1 3
20 2 2

ETV valve delay: 66 s; ETV scan delay: 2 s.

from 3 to 27% R.S.D. The detection limit was 200
pg and was limited by the C, interferent.

3

3.5. Measurement of metallo-organic Y

The detection of yttrium by ETV-ICP-MS was
much more difficult than for Fe, Mg and Al. Several
matrix modifiers, including NaCl and Pd(NO,), were
evaluated but poor recoveries were obtained. Al-
though freon or other halogen containing gases could
have been used, the environmental hazards associ-
ated with their use eliminated them from further
consideration. Sulfur hexafluoride was evaluated be-
cause it provided a source of fluorine required for
volatilization. The optimum vaporization temperature
for yttrium was 2700°C. Peak tailing increased with
SF; flow rate, because of the formation of SF;, with
the same ‘mass as Y, in the plasma. However, by
keeping the SF; flow rate at about 30 ml/min or
less, peak tailing was negligible. The detection limits
obtained, using SF;, ranged from 5 to 60 pg and the
precision from 6 to 45%. We gbserved that the
precision improved markedly if the SF, was not
flowing during the atomization step. Therefore, prior
to use, furnace tubes were preconditioned by flowing
SF; at 1C. ml/min continuously while the furnace
was cycled through three temperature program cy-
cles. After this treatment, good performance for Y
was observed for about 50 ETV program cycles.
Using this approach, a limit of detection of 70 pg
was obtained, limited by detector noise. The preci-

. sion was 15%. There was no interference from SF;

observed using the Faraday detector. Studies are
currently underway- to determine the mechanism of
the SF; action. ‘
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4. Conclusions

The detection efficiency is the number of ions
reaching the Faraday detector divided by the number
of atoms injected into the furnace and was 8.3 X
1078, 1.8% 107%, 2.1 X 107® and 3.4 X 107°, re-
spectively for Al, Fe, Mg, and Y. The detection
efficiencies for the metallo-organic elements was an

order of magnitude poorer than that of the aqueous -

elements studied in our laboratory using the same
instrument. Detection limits were limited by the high
level of impurities present in the blank and the
poorer transport efficiency. For the determination of
Mg, the detection was limited by the carbon interfer-
ent. Y was not present in the blank, therefore it had a
better limit of detection. The detection limit of Y
was limited by the amplifier noise.
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PHYSICAL AND CHEMICAL INTERACTIONS OF LUBRICANTS
IN HYBRID BEARING SYSTEMS
By
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Experiments designed to evaluate the effects of oil degradation on bearing
performance were carried out on a commercial synthetic lubricant (MIL-L-23699) at
temperatures between 200-300°C. Characterization included analysis of coking and
preliminary analysis using UV/VIS spectroscopy as a technique for oil monitoring.
Tribological experiments were performed using a pin-on-disk test machine with
yittria/alumina doped silicon nitride and M-50 steel test materials with hardness and
surface finish indicative of bearing grade materials. Results showed a general increase in
friction with decreasing oil condition, and results from wear testing showed no
correlation‘with oil condition.

A kinetic study of the effects of various environmental parameters on oil
degradation was performed at 250°C. Environmental parameters included testing in
oxidative and non-okidative environments and investigating the presence of M-50 steel as
a catalyst material at both low and high relative humidity. Analysis included changes in

the rates of degradation for the various environmental parameters, as well as analysis of
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antioxidant removal and subsequent effects on the formation of high molecular weight
degradation products. Results showed that the presence of M-50 steel acted to increase
the rate of oil degradation while high humidity lowered the rate of deg;adation. Water
was also found to be a primary degradation products. From the beneficial affect of high
humidity and from the generation of water as a byproduct, the mechanism for the
formation of high molecular weight degradation products is proposed to be a
polycondensation reaction. Furthermore, diffusion is proposed to be rate limiting for this
process .

An investigation into the use of ultraviolet/visible absorption spectrometry as a
technique for oil monitoring was carried out on oil samples generated at 250°C. Analysis
included determining the mechanism for spectral changes and determining effects of
environmental parameters on associated changes. Results showed spectral changes with
degradation to be the result of changes in intensity for absorption peaks which
represented the base stock and degradation products. The behavior of these absorption
peaks followed the Beer-Lambert law and can be used to represent the concentration of

degradation product.
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ABSTRACT

Individual effects of thermal, thermal-oxidative, and tribochemical degradation
mechanisms on a conventional synthetic ester-based lubricant (MIL-L-23699C) have
been studied. Degraded oil samples were generated under experimental conditions
performed in the presence of oxidative and non-oxidative environments, high and low
humidities, and the presence of or lack of M-50 steel as a catalyst material. All
experiments were performed at 250°C and samples were colle;'ted as a function of time..
Samples were characterized for total acid number, antioxidant content, water content,
viscosity, spectrometry, and molecular weight. Molecular weight peak analysis was
berformea’ assuming Gaussian distributions.  Results were compared to determine
influences of the aforementioned variables on the rate of formation of higher molecular
weight species in the synthetic oil. From these results, and from experiments performed
on condensed vapors collected during the degradation runs, influences of each variable
on the depletion of antioxidant and generation of high molecular weight species are

shown.
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INTRODUCTION

Current understanding of the degradation behavior of the lubricants used for gas
turbine jet engines is limited. The individual effects of each variable encountered during
engine operation has not been completely investigated. Of the kinetic studies which have
been reported, test systems have been simplified by limiting studies to one additive mixed
into one base stock. For conventional lubricants which are blends of multiple additives
and base stocks, results from simplified tests may not be representative with effects of
competing degfradation mechanisms not taken into account. Interest in oil degradation
behavior stems from the effects of thermal, thermal-oxidative, and tribochemical

degradation mechanisms, as well as the influences of high humidity environments.

Current Understanding of Degradation Mechanisms

Under current bearing applications where bulk lubricant operating temperatures
range between 75-150°C, boundary and elastohydrodynamic contact temperatures can
reach 250-350°C due to frictional heating (1-2). Chemical reactions, which normally are
nonexistent or of low reaction rate, can be accelerated under these temperature conditions
(3). When operating for extended time at temperatures over 200°C, most commercial

ester-based lubricants oxidize, polymerize, or evaporate (4). The most common




mechanisms for the degradation of these ester-based lubricants are thermal and thermal-

oxidative degradation mechanisms, as well as tribochemical degradation mechanisms (5).

Thermal and Oxidative Degradation

Both thermal and thermal-oxidative degradation processes consist of a free radical
chain mechanism (1,6-8). In these processes, free radicals are generated through either a
hydroperoxide radical mechanism, a carbon-carbon scission mechanism, or both. These
free radicals then act to polymerize other lubricant constituents by starting reaction chains
via abstraction of hydrogen atoms from parent molecules (9). Free radical chain
propagation is the most detrimental oil degradation mechanism. This type of degradation
is in part controlled by tﬁe addition of antioxidant additives.

Antioxidant Behavior

Oxidation degradation is minimized in synthetic ester-based lubricants by the
addition of oxidation inhibitors referred to as antioxidants. Antioxidant additives act to
eliminate this free radical chain propagationlmechanism by donating a proton to the free
radicals, therefore rendering them inactive. The antioxidant molecule then becomes a
free radical which is self stabilized through resonance (7,8).

Tribochemical Degradation Mechanisms

Metallic surfaces and debris have been shown to play an increasing role in ester
based lubricant breakdown above 180°C by increasing the rate of degradation (1-2,5,9-
11). These metallic surfaces can act as catalysts, either inhibiting or promoting oil
degradation. Organometallics, oxides, and inorganic compounds all form upon reaction

between metal surfaces, oil constituents. and contaminants, acting in the same manner as




catalysts (1,9). Reactions with metallic debris can be more serious than those with metal
surfaces due to higher activity of the debris (9). Ceramic surfaces are less active and have
been shown to form passivation layers (11). These passivation layers are generated by

reaction with water absorbed in the oil and water vapor generated as a combustion

product (13). For ceramics,.reactions with_oil constituents are limited by the passivation ...

films unless the rate of wear is faster than the rate of reaction. In this manner, the
formation of oxide and oxynitride films on silicon nitride can produce lower coefficients
of friction and wear rates in hybrid and ceramic bearings (3,14-16). However, oxide
films formed on metal surfaces result in junction growth (15). Oxide debris collect

around the contact regions and do not lower the coefficient of friction.

Previous Kinetic Studies
Although many kinetic studies have been reported for the determination of

individual effects on specific lubricant additives, one report is of particular note. A

pressurized Penn State microoxidation tester was used by Hunter et al. to determine the-

kinetic behavior and optimal concentration of an antioxidant additive (7). Experiments
were performed using various mixing ratios of the antioxidant phenyl-alpha-
naphthylamine (PANA) in the polyol ester trimethylolpropane triheptanoate. The micro-
oxidation test consisted of placing a thin film of oil onto a metal catalyst surface in a
pressure controlled environment with flowing gas at temperatures below 200°C. Tested
samples were studied for molecular weight changes using gel permeation chromatography
(GPC). Results showed that removal of the lower molecular weight peak which

represented the PANA coincided with slight increases in the generation of higher




molecular weight species. Furthermore, the rate of generation for the higher molecular
weight species increased significantly after complete removal of the PANA. These
results are of particular interest due to the fact that antioxidant concentration was

monitored and related to the direct formation of higher molecular weight species.

Hunter et al. (7) demonstrated how the depletion of antioxidant directly affectsoil _._. .. .

degradation. However, results were presented for one environment without changing test
variables and are therefore limited in determining how a particular additive or oil base
stock could be improved. If the individual degradation effects of each variable faced in
an operating turbine engine could be determined, both oils and additives could be
engineered for improved performance with respect to a specific degradation mechanism,
rather than with respect fo competing mechanisms.

The most significant limitation in determining ways for improving lubricant
performance is the lack of understanding in the individual effects of variables
encountered during engine operation. The object of this chapter is to determine how
thermal degradation, thermal-oxidative degradation, high humidity, and the presence of
the M-50 steel catalyst effect oil degradation. Of particular emphasis will be antioxidant

depletion and the formation of high molecular weight species.

MATERIALS AND METHODS

In order to determine the individual effects of thermal, thermal-oxidative, and
tribochemical degradation mechanisms, a series of experiments was designed and
performed under varying environments. As shown in Table 1. a total of eight

experiments were performed while varying atmosphere, humidity, and the presence of M-




50 steel surfaces. For each test, 750 ml of as-received synthetic ester-based oil (MIL-L-

23699C) was placed in a Pyrex beaker on a hot plate. The hot plate was connected to a

constant temperature controller. The thermocouple from the controller was covered with

a glass capillary tube, sealed at one end before being placed into the oil bath to avoid

catalytic degradation created.by.the thermocouple_probe. .Gas flow was suppliedtotheoil . _____ _
bath using a flow meter set to 0.83 L/min and a glass dispersion tube placed into the bath.

Finally, the beaker was wrapped in fiberglass insulation to aid in temperature control. In

this manner, the oil was completely isolated from metallic surfaces which might act as

catalysts. The hot plate was set to the highest setting and the temperature controller was

set to 250°C, resulting in é heating rate of approximately 225°C/hour.

In accordance Qith Table 1, gas flow supplied to each experiment was either
compressed argon, resulting in an inert (non-oxidative) atmosphere which allows for
thermal degradation without oxidative degradation, or compressed air which would
promote both thermal and oxidative degradation. Samples of M-50 steel were supplied as
catalyst surfaces for the designated tests in thc form of 1/4” diameter bearing balls placed
in the oil bath at the beginning of each experiment. The resulting ratio of available
.surface area to oil was 3.6 mm?/ml, which was kept constant for each of the appropriate
tests. For tests performed under low humidities, gas flow for both compressed argon and
air was determined with an on-line sensor (Implant Sciences Corporation, Wakefield, MA
01880) as <12%. For the tests performed under high humidity, a liquid bubbler filled
with distiller water was placed between the flow meter and the oil bath. The resulting

relative humidities for the gas flow entering the bath were 85% for argon and 92% for air.




To analyze the kinetic aspects of the degradation processes, 50 ml samples were
taken during each experiment using a glass pipette. Sample times recorded from initial
heatup were 3, 5, 7, 9, and 13 hours heat treatment time. Each sample was stored in a
glass bottle with a Teflon lined lid to protect the oil samples from the environment and to
prevent absorption of water, which might lead to further degradation.

Analysis of the oil constituents and degradation byproducts which evaporated
during these tests was performed by collecting the vapors at various times during test
OX12NC. Collection was performed using a vacuum pump which pulled vapors from the
beaker through Teflon tubing and into a condenser tube cooled by liquid nitrogen. After
vapors were collected, the condenser tube was removed from the liquid nitrogen and
sealed to prevent condensation not associated with the test.

In order to determine the effects of degradation on a physical property of the oil
samples, viscosity tests were performed using a variable speed rheometer (Brookfield
RVDV III, Brookfield Engineering Laboratories, Inc., Stoughton, MA 02072) with a 0.8°
cone angle between shear rates of 0.75 and 450 s”'. Experiments were performed at
4010.1°C using a constant temperature water bath, therefore producing results which can
be directly compared with military specifications. Water content of the oil samples was
determined using coulometric Karl Fisher titration (Accumet 150 Controller and 110KF
Titration Module, Fisher Scientific, Pittsburgh, PA 15219).

The extent to which oil degradation had occurred for each sample was determined
using a number of analytical techniques. Antioxidant concentration for each sample was
determined using a Remaining Useful Lubricant Life Evaluation Rig (RULLER) (9), and

the extent to which degradation had occurred was determined from the total acid number




(TAN) (17). For TAN experiments, exceptions from the ASTM designation were the use
of aqueous based buffers and titration to pH 11, the later of which allowed all acidic
groups of equivalent and higher strength than phenolics (pKa=10) to be base neutralized.
These techniques are used in combination to predict when an oil is. iikely to degrade and
the extent to which.degradation has.occurred. ... ... e
Chemical analysis of the tested samples and condensed vapors was performed
spectroscopically using transmission FTIR (20SXB with Omnic™ Software, Nicolet

Instrument Company, Madison, WI 53711) with KRS-5 salt crystals for sample mounting
and a circular fluid cell for dilute samples, with nitrogen as the purge gas. This technique
allowed for the partial analysis of chemical changes in the oil samples through
observation of changes in the characteristic absorption peaks.

In order to determine the differences in rates of degradation resulting from thermal
and thermal-oxidative degradation mechanisms, as well as the influences of catalytic
surfaces and high humidity environments, molecular weight analysis was performed on
the oil samples and the collected vapors. Siie exclusion chromatography, also known as
gel-permeation chromatography (GPC), was performed using an ultraviolet/visible
(UV/VIS)  wavelength  detector (Waters™  Chromatography Division, Millipore
Corporation, Milford, MA 01757). A pre-filter and 50-1K, 5K-10K, 20K-300K and
100K-1000K molecular weight range columns (Phenogel, Phenomenex, Torrence, CA
90501) were used to determine the molecular weight distribution of each sample, with
tetrahydrofuran as the solvent carrier. The columns were calibrated between 92 and
870,000 MW using polystyrene molecular weight standards and toluene. Approximately

20-30 mg of each sample was mixed with 10 ml of tetrahydrofuran and filtered three




times through a 0.22 um Teflon filter before injection. The flow rate was set to 0.4
ml/min, and the injection volume was 20 pl. UV/VIS data for the oil samples was
processed at a constant wavelength of 216 nm. Data was calibrated against the

polystyrene standards to generate molecular weight distributions from the measured

elution times. In-order-to accurately-compare results from-each run;-all data-was-corrected-- -~

by normalizing the areas under each data curve. Evaluation of changes in peak intensities
and locations was performed using peak separation and analysis software (Peakfit™ V

4.0, Jandel Scientific Software, San Rafael, CA 94901) assuming a Gaussian distribution.

. RESULTS AND DISCUSSION

Results of characterization testing performed on the experiments described in
Table 1 are separated according to rheological analysis, chemical analysis, molecular
weight analyses, and peak analysis of the molecular weight distributions. Analysis of
condensed volatile was performed in ordgr to determine the low molecular weight
degradation products. Results for rates of degradation and the formation of particulates

are presented for each test series.

Rheological Analysis

As a first step in determining the extent to which degradation in the oil samples
had occurred, viscosity data was plotted versus test time for each series of experiments
(Figure 1(a)). All results yielded Newtonian behavior without a Bingham yield point,
thus the data reflects average viscosity changes for the tested shear rates. Viscosity

changes for the tests performed in inert (non-oxidative) environments gradually increased




to 23-30% change for the 13 hour test samples. Results for tests performed in oxidative
environments showed higher rates of viscosity change, with the final 13 hours test
samples reflecting viscosity changes above 100%. Of the tests performed in oxidative
environments, the tests which included the M-50 steel catalyst showed greater changes
than those without catalyst. . Furthermore, high humidity environments.resulted in lower .._..._ e
changes in viscosity. Effects of catalyst (M-50 steel) and high humidities were not shown

to affect viscosity changes for the tests performed in non-oxidative environments.

Chemical Analysis

Determination of the extent to which degradation has occurred in the test samples
began with analysis of tﬁe antioxidant content. Results from RULLER experiments are
shown in Figure 1(b), plotted with antioxidant concentration as a function of test time.
Antioxidant levels for samples tested in inert (non-oxidative) atmospheres gradually
decreased at approximately identical rates to concentrations between 54-57% for the 13
hour test samples. Results for experiments run in oxidative environments indicate that
humidity and the presence of a catalyst affected the depletion of antioxidant in much the
same way as with increasing viscosity changes shown in Figure 1(a). Degradation
experiments performed with catalyst material showed increased rates of antioxidant
depletion, whereas experiments performed in high humidity environments showed
decreasing rates of antioxidant depletion. For the tests performed in oxidative
environments, the antioxidant concentrations leveled out between 35 and 40% for the 9
hours test samples. Results show that significant degradation occurs before the 40%

antioxidant concentration is met.
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Further analysis of the condition of the samples was determined using total acid
number (TAN). Figure 1(c) shows TAN results plotted versus time. Molality (M) values
associated with the TAN are also presented, showing the concentration of base
neutralized acid sites. Results showed that the extent to which degradation had occurred
in the various tests followed. thesame_trends_as.with viscosity and.antioxidant changes....._ . _
Results for tests performed in non-oxidative environments showed TAN values increased
to approximately 0.45 mg KOH (0.008 mg oil). Since TAN values are not considered
significant until above 1.0, these results show small amounts of degradation for the
experiments performed in non-oxidative environments, with no evidence of catalyst or
humidity effects. For the samples performed in oxidative environments, TAN values rose
above 2.9 for the 13 houf test samples. Greater amounts of degradation were shown for
experiments performed with M-50 steel catalyst, and the experiments performed in high
humidity environments exhibited lower amounts of degradation.

FTIR analysis of the as-received sample, seen in Figure 2, shows strong
absorption peaks between 2850-3000 cm’ as well as the 1465 cm™ peak reflects C-H
absorption. The strong peak at 1743 cm™ for the as received oil reflect one or more
carbonyl peaks for ester structures within the base oil. The variety of lower intensity
peaks between 1000-1465 cm™, which include the C-C(=0)-0 (lactone) and the O-C-C
peaks, are not distinguishable (18). As for changes in the spectra of the oil samples as a
function of test time, results showed broadening of the carbonyl peak (1743 cm’™') which
could not be attributed to any one mechanism. Possibilities included transesterification,
the formation of ketones, and the formation of carboxylic acids. With increasing test

time, changes in peak ratios occurred between thehydrocarbon and carbonyl vibration




peaks, as well as the peaks in the fingerprint region of the spectrum. For the results of
longer test time samples from oxidative environments, a hydroxyl peak appeared in the
range 3300-3700 cm’’, suggesting the formation of either cafboxylic acids, alcohols, or

water.

Molecular Weight Analysis

Although results from viscosity, antioxidant, and TAN testing suggest trends in
the degradation behavior of the oil system under various test conditions, these results only
reflect chemical and physical responses to degradation. - The results do not describe or
explain the kinetics of 'the individual degradation mechanisms. In order to better
 understand the inﬂuencés of the individual mechanisms on the rate of degradation,
molecular weight analysis was performed.

Size exclusion chromatography results are presented for the IN12NC test samples
in Figure 3. A total of six peaks were found for the as-received oil sample, with
molecular weights of 215, 267, 432, 662, 86.3, and 1292. In order to determine how the
molecular weight distributions change as a function of test time, peak separation and
gnalysis (r°20.996) was performed using Gaussian curve fitting for each of the tests.
Changes in the molecular weight distributions varied for each test series: For both test
series, decreases in intensities were observed for the four lowest MW peaks. Increases in
intensities were observed for the two highest peaks. The peaks which undergo the

greatest changes are the 1292 MW and 267 MW peaks.




Peak Analysis
The significance of the changes for the 1292 MW and 267 MW peaks can be
understood from the observation of a number of correlations. Figure 4(a) shows viscosity

changes versus the formation of high molecular weight species reflected by increasing

area in the 1292 MW peak.. Two fitted curves are-presented, one for the data points from- - o=

tests performed in non-oxidative environments and the other for data points representing
oxidative testing. The two curves deviate at approximately 25% viscosity change and
55% peak area, showing dramatic increases in peak area for the test performed in
oxidative environments. Further comparisons were made for TAN results plotted against
the 1292 MW peak area, as shown in Figure 4(b). Again two fitted curves are presented,
one for each test envir;)nment. Changes in peak area .increased dramatically for the
oxidative environment data at TAN values above 0.8 and 55% peak area. The increases
in peak area as a function of both viscosity and TAN values initially began at the same
approximate peak area of 55%. This suggests that the viscosity changes are a direct result

- of the oil degradation as indicated by the TAN results. Fitted curves for data from the

experiments performed in oxidative environments are represented by y =5.11- 1078 . 3%

and y =543- 1077 - x> for viscosity changes and TAN values respectively.

Similar correlations were made with changes in intensities for the 267 MW peak.

As shown in Figure 5(a), decreases in peak height directly correlate with decreasing

3

antioxidant content along the curvey =33.04-x"*. Since the minimum molecular

weights (no repeated units) for the base stock esters pentaerythritol and 1,1,1-

trimethylolpropane are 374 amd 302 respectively, the 267 MW peak can be attributed to




the antioxidant(s). However, the results do not give insight as to the relationship of the
267 MW peak with para-alphanapthylamine (219 MW) and di-octylphenylamine (381
MW), the antioxidant additives used in these oils.

A second correlation for the 267 MW peak is shown in Figure 5(b), 'where'peak

height is plotted versus changes.in viscosity. -These results show that viscosity. increased. .. ... ___

at a constant rate to 25% change, reflected by a 10% height in the 267 MW peak, before
increasing significantly. This shows that increasing viscosity was not dependent on the
removal of a low molecular weight species (as is one possibility), but rather completely
dependent on the depletion of the antioxidant. Furthermore, Figure 5(b) shows that the
effectiveness of the antioxidant is lost when the 267 MW peak height has dropped to
approximately 10%, thué correlating with Figure 5(a) to an antioxidant concentration
between 55-60% as determined by the RULLER technique.

Results for the test series performed in oxidative atmospheres yielded dissimilar
results. Initial rates of decreasing 267 MW peak height are not the same, as high
humidity environments decreased the rate in which the peak changed, while the presence
of the catalyst material increased the rate at which the peak was removed. This trent is
consistent with results shown in Figure 1, where viscosity, TAN, and antioxidant
concentration data showed identical trends with respect to catalyst and humidity. The
depletion of antioxidant, increase in TAN values, and the increase in viscosity were
accelerated by the presence of catalyst, and hindered by high humidity for the

experiments performed in oxidative environments.




Analysis of the Volatiles
Transmission FTIR showed the second species to be either an ester, ketone, or
carboxylic acid (see Figure 6(a)). As with the previously mentioned results for the oil

samples, the only peaks which could be identified were those representing hydrocarbon

- -and carbonyl vibrations. - For vapor-samples which were-collected-as a function-of test........... ...

time, spectra for this species did show changes in peak ratios. However, the significance
of these changes could not be determined due to the fact that identification of this
compound has not been confirmed.

Analysis of the condensed vapors from the OX12NC test showed the evaporation
of at least two distinct chemical species which spontaneously phase separated, with the
denser phase incorporating more than 75% of the liquid volume. Analysis of the first
species was performed using FTIR with a circular fluid stage and results compared to
those for deionized water. As seen in Figure 6(b), the hydroxyl peaks located between
3000-3500 and at 1635 cm™ are identical for both spectra. Minor peaks are located
between 2800-3000 cm-1, representing vibrational characteristics of a C-H stretch (18).
This suggests that the sample might contain small amounts of alcohol. Since special care
was taken to ensure that no condensation would occur between sampling and cooling of
the condenser tube, these results show that water is a degradation product for the
synthetic oil.

Molecular weight tests performed on a mixture of both species show changes in
peak heights and locations. As seen in Figure 7, the 3 hour sample consisted of species
with similar molecular weights to those of the as-received oil sample. For the 7 hour test

sample, the lower molecular weight peaks shift. These results show original species of




the oil are evaporating at the 250°C test conditions. Furthermore, volatile degradation
products are generated and not detected in the oil samples. These molecular weight
results also suggest that the antioxidant (or a degradation product of the antioxidant) is
one of the volatiles.

In order to confirm the.-formation of .water.as-a.volatile.degradation-.product, - — - ~<ceeoe
coulometric Karl Fisher was performed. The as-received oil sample had a water content
of 566 ppm. Water content initially fell during the first hours of oil testing, but leveled
off or increased for higher test times. This confirms the FTIR results which showed water
to be a degradation product. Results for the tests performed in non-oxidative
environments showed no obvious correlations between test conditions and times, as water
content fluctuated bctwéen 325-575 ppm. Results for samples from the oxidative test
environments showed that the water content initially fell below 400 ppm, before
gradually increasing at rates which were increased by the presence of high humidities and
catalyst materials. Final water content values for the oxidative test environments ranged
between 327 ppm for the OX12NC test and 538 ppm for the OX92C test. Although both
catalyst and high humidity increased water content and therefore seem to increase water
.generation, results for viscosity, total acid number, and antio;(idant content testing
presented in Figure 1 show that the high humidity environments slow the thermal-
oxidative degradation process. This behavior cannot be used to qualify the types of
reactions which generate this behavior (hydrolysis of the ester resulting in water

consumption and condensation resulting in water generation are possible reactions), but

simply shows the effects of water on antioxidant content.




A mechanism for the lower degradation rate for oil samples tested under high
humidity environments can now be proposed. Water vapor which is absorbed by the oil
acts to hinder the formation of the high molecular weight degradation products by
slowing the reaction which depleted the antioxidant, thus delaying the chemical and

physical changes associated with extreme oil degradation.

Rate of Degradation

The effects humidity and catalyst presence have on the actual rate of degradation
can be determined. The degree of degradation was generated for peak 1 results using the
following:

Growth Factdr = Mean Molecular Weight x Peak Area Fraction (D
Rate of degradation was then determined by plotting growth factor versus test time for
each test series performed in an oxidative environment (Figure 8(a)). Since the growth
factor is é representation of the concentration of high molecular weight degradation
product, the linear relationship for each test With time indicates that the 1292 MW peak is
represented by multilple species and that the formation of the degradation products
follows a high order kinetic reaction (2nd or higher) (19). Table 2 lists linear correlation
coefficients (r0.985) and slopes for each test series. With high order kinetic reactions,
the slope m of the concentration is related to the rate constant by the following equation:
m=2-k 2]

The rate constant k is dependant on concentration of degradation products with respect to

one another. Since the exact order of the kinetic reactions cannot be determined without




knowing concentration of the degradation products, the rate constant cannot be
determined.

In order to interpret how the formation of high molecular weight species affects
lubricant performance, the interactions of the molecular weight species found in the 1292
MW peak must be related with viscosity results. Since all viscosity measurements .
reflected Newtonian behavior, the Einstein equation, Eq. (3), for particle content can be
investigated as a plausible explanation for changes in both optical and viscoelastic

behaviors (20).

5
ﬂ*=ﬂ0‘(1+"2"¢) 3)

The n* refers to the experimental viscosity, 1, refers to the as-received viscosity, and ¢
refers to the percent particle volume of the system. In Figure 8(b), the calculated particle
- content is shown to correlate with changes in the high molecular weight degradation
product represented by the growth factor. This correlation suggests that the degradation
products are acting as particulate species with respect to physical changes shown by the

viscosity results. The fitted curve for Figure 8(b) follows the parabolic relation

y=0036-182-x+451- x* and has a correlation coefficient of r’=0.99.

In order to understand the kinetic information generated and presented using the
growth factor (Eq. (1)), a review of rate determining and limiting mechanisms by
Overbeek was incorporated (21). In his article, Overbeek gave definitions for rate of
reactions when diffusion is and is not rate determining. Information was presented in

terms of mean particle size and particle size distribution. In order to apply this




information to the present work, calculations were made to estimate the particle size of

the high molecular weight degradation products by calculating the radius of gyration (22):

r, = ——=2> (4)

The 1y is the radius of gyration, [ refers to the bond length, chain MW is molecular weight,
and M, is monomer molecular weight. Since the repeating units for the base ester
structures are ethylene and since the standard used to calibrate the GPC columns were
polystyrene, the monomer weight of polyethylene- (M,=28) and bond length for
polystyrene (1=0.53 nm), these values were used for the calculations to estimate the radius
of gyration for the high molecular weight degradation products.

Figure 8(b) plots changes in the mean molecular weight values for the high
molecular weight degradation product versus changes in the molecular weight
distributions of the fitted Gaussian peaks taken to by the full width half maximum values.
The estimated values for radius of gyration- which correspond to the molecular weight
changes are also presented, where MW~rg2. As shown during the initial stage of oil
degradation -(prior to antioxidant removal), changes in particulate size do not correlate
with changes in particle size distribution and thus no information can be determined as
for the rate limiting effects. After the antioxidant is removed (corresponding on Figure
8(b) to a mean molecular weight value of approximately 1300 MW), changes become
linear. This relationship indicates the availability of rate determining information after
antioxidant is depleted. From Figure 8(a), mean molecular weight (and thus particle

radius squared) changes linearly with time, thus following the relationship:




a’=k-t+b (5)
where a refers to the particle size and k and b are constants. Integration of Eq. (5) shows

that changes in mean molecular weight (particle size) follows the kinetic relation:
—=ka 6)

where k' is a constant. In accordance with the work presented by Overbeek, Eq. (6)

follows the relation for diffusion limiting growth:

da D-(c.-c,)-V
—_—= ' (7
dt a”

where D is the diffusion coefficient, V is molar volume, (c, —c,) is the change in

concentration, and n can be 2, 1, 0, and -1. These result thus show that once the

antioxidant is removed, degradation in the oil system is diffusion limited.

CONCLUSIONS

Results for tests designed to separate the individual effects of thermal and
thermal-oxidative degradation mechanisms, as well as to determine the influence of high
humidity and the effectiveness of M-50 steel as a catalyst material were performed at
250°C. For tests carried out in inert (non-oxidative) environments, the presence of the
M-50 steel catalyst and high humidity did not significantly affect the rate of antioxidant
removal. Furthermore, these results were not accompanied by significant changes in
viscosity and TAN values, thus the limited effect of thermal degradation mechanisms on

o1l degradation for the various environments has been determined.
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Results for tests performed in oxidative environments yielded dissimilar results.
The presence of the M-50 catalyst material increased and high humidity decreased
changes in viscosity, antioxidant content, total acid number, and molecular weight peak

area/height ratios. These results show that the combined effects of oxidative and thermal

degradation act to.increase the. total degradation of the oil significantly more than for .. . _.

thermal degradation alone.

Analysis of volatiles recovered from the degradation tests were analyzed using
FTIR and GPC. Results show water to be a degradation product. Although qualitiative
influences on specific reactions (e.g., hydrolysis and condensation reactions) could not be
determined, the effect of adsorbed water was shown to lower the rate of antioxidant
removal.

Changes in concentration of the high molecular weight degradation products 'have
been shown to follow a high order kinetic reaction. The order of the reaction can not be
determined without more specific information on the degradation species. As for the
phys;ical changes in the oil, a direct correlation between the formation of high molecular
weight species and viscosity was found using the Einstein equation for Newtonian fluids
containing small particles. In this manner, the high molecular weight species are shown
to act as particulate materials with respect to the physical behavior of the oil.

Further information on the nature of the oil degradation reaction was determined
by relating changes in molecular weight to changes in particle size and distribution of the
high molecular weight degradation product. Although no direct conclusions could Be
drawn for the oil system prior to antioxidant depletion, the knowledge of how free

radicals act to degrade oil and how antioxidants act as scavengers to eliminate the free




radicals suggests that variations in mean molecular weight and MW distribution are the
result of a continuously changing concentrations of free radicals resulting in a low rate of
degradation. Results showed that after the antioxidant was depleted, the reaction to form

high molecular weight degradation products was diffusion limited.
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Table 1. List of degradation experiments for the kinetic study.

Atmosphere

Test ID Temperature Humidity | Catalyst
IN12NC 250°C inert <12 % None
INI12C 250°C inert <12 % M-50
IN85SNC 250°C inert ~85 % None
IN85C 250°C inert ~85 % M-50
OX12NC 250°C oxidative <12 % None
oxX12C 250°C oxidative <12 % M-50
OX92NC 250°C - oxidative ~92 % None
0X92C 250°C oxidative ~92 % M-50




Table 2. List of correlation coeffiencents and slopes for plot of Growth Factor versus test
time shown in Figure 8(a).

Test ID Correlation Slope
Coefficient (r%) (m)

IN12NC 0.997 56.43
IN12C 0.985 53.60
INGSNC 0.993 57.84
IN85C 0.992 54.28
OX12NC 0.994 84.09
0X12C 0.998 87.25
0X92NC 0.996 79.94
0X92C 0.996 77.74
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Figure 1. (a) Changes in viscosity as a function of test time for all test series,_(b) changes
in antioxidant content as a function of test time for all test series, and (c) changes in total
acid number as a function of test time. Oxidative test environments yield significant
changes in both chemical and physical aspects of oil condition. The presence of M-50
steel sufaces is shown to increase degradation, and high humidity is shown to decrease
degradaion.
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Figure 2. FTIR spectra for the 13 hours sample from test OX12NC. Peaks located
between 2850-3000 cm-1 represent C-H stretch. and the 1743 c¢m-1 peak represents an
ester carbonyl C=0 stretch peak. Peaks between 1000-14000 cm-1 represent C-O stretch
from esters.
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Figure 3. Molecular weight chromatogram curves for test INI2NC. Low and high MW
peaks decrease and increase in intensity respectively with increasing test time.
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Figure 4. (a) Viscosity changes versus changes in percent area of the 1292 MW peak.

Plotted lines correspond to oxidative environments ( y=5.11-10_6 x3%5y with ?=0.82
and non-oxidative environments ( y =0.019 - x — 1.75) with ’=0.94. (b) Changes in total
acid number versus changes in percent area for the 1292 MW peak. Plotted lines

correspond to oxidative environments ( y:5.43-10"7-x3'66) with r’=0.75 and non-

oxidative environments ( y =2.95- 107* - 217y with r=0.92.




Antioxidant %

100

[$2] )] ~ [0.2] ©
(=] o o o (=]
uu|mnnnhmnmlgunnnlmmlu|||mm||||||||m|u

N
o

w
o

Illl]lIIT1llllIIIIIIlllllllll]IIIIIIIIIITITIITIIT

100 90 80 70 60 50 40 30 20 10 O
Normalized Peak Height (%)

33




200

(b)

-t -h

o ~

o (&3]
NN NS R RN RA NN N AR SN FRE !

ury
9]
o

e
n
(43}

~
[¢;]

% Viscosity Change

(8,1
o
&o@ 0 0 000

N
[&)]

Q5)009) ©

‘?&Q Qo°
100 90 80 70 60 50 40 30 20 10 O
Normalized Peak Height (%)

(=]

Figure 5. (a) Changes in antioxidant content versus normalized height for the 267 MW
peak. Fitted line reflects y = 33.04-x*% with r’=0.98. (b) Changes in viscosity versus

normalized height for the 267 MW peak. Results show viscosity to increase significantly
after removal of the 267 MW antioxidant peak, corresponding with a 40-45% antioxidant
context by RULLER measurements.
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Figure 6. FTIR spectrums for volatile phases condensed from test OX12NC. Results
show that the less dense phase (2) contains an ester, and the more dense phase (b) consists
of a water solution.
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ABSTRACT

The optical adsorption of synthetic ester-based oil samples has been investigated
as a technique to monitor the degradation of oil. Degraded oil samples were generated
at 250°C under various environmental conditions. Samples were characterized using
viscosity, total acid number, antioxidant content, molecular weight, and
ultraviolet/visible absorbance spectrometry. This information was used to determine the
relationship between absorption data and oil degradation, and to determine the
feasibility of utilizing this technique as a means of oil monitoring. Results show that
changes in optical adsorption peaks from the as-received oil track chemical changes
associated with oil degradation. The behavior of the degraded oil adsorption peaks are
shown to follow the Beer-Lambert law and thus reflect concentration of degradation

product.
KEY WORDS

Optical, Degradation, Lubrication, Friction, Wear.




INTRODUCTION

An important goal in monitoring lubricant degradation is the development of an
in-situ method in which component failure can be predicted and therefore avoided.
Analysis of the synthetic ester-based oils used with bearing systems associated with
advanced turbine jet engines is critical in attaining this goal for two reasons. First and
foremost, many of the oil lubricants used for gas turbine engines offer variable
performance characteristics due to variations in basestock chemistry. In concert with the
variable performance conditions which lubrication systems encounter due to differences
in factors such as seal integrity, the actual lubricant can dictate lifetime performance of
the hybrid bearing systc;m. Second, analysis of the oil systems offers a unique
opportunity to allow for in-situ monitoring of the oil condition by means of sampling and

analysis, or by real-time analysis during operation.

Oil Monitoring Techniques

In order to determine the condition of an engine’s oil system at any given time, a
select number of techniques are chosen. These test methods typically fall into two
categories: the analysis of basic fluid parameters and off-line monitoring techniques.

Basic Fluid Parameters

As a first look at the extent of degradation in used oil samples, two basic
techniques are used. To determine the extent to which degradation has affected the
physical condition of the oil, viscosity testing is employed. To determine the extent to
which the oil has chemically degraded, total acid number (ASTM 664-89) is used. Total

acid number (TAN) is a technique in which a small amount of the oil sample is dissolved



in solvents and titrated using 0.1N alcoholic KOH. The amount of KOH solution needed
to titrate the oil sample to a specific pH represents the concentration of base neutralized
acidic sites on the various oil constituents and degradation products.

Off-line Techniques

Over the past decade, a number.of techniques.have been developed.ta determine ..

the condition of degraded oil samples. Through the investigations of Kauffman et al., one
particular technique has earned recognition. This technique is referred to as the
Remaining Useful Lubricant Life Evaluation Rig (RULLER) (1-3). A small sample of
degraded oil is dissolved in a solvent and tested using a voltametric method to determine
the antioxidant concentration in the oil sample. Taking into account the fact that the
lubricant begins to degfade before the antioxidant content is completely depleted, the
percent of antioxidant remaining is related to the remaining useful life of the used oil
sample.
Ultraviolet/Visible Absorption Spectrometry

Ultraviolet and visible (UV/VIS) speétrometry is a commonly used technique for
the identification of organic compounds (4-6). Absorbance of a particular molecule
occurs when two criteria are met. The difference between two energy levels for a given
macromolecule must be exactly equal to the energy associated with an incoming
wavelength, and one energy level must contain an electron and the other a vacant
electronic state, as seen in Eq. (1):

AE=h-v=E1—E>2 (n

where /1 is Plank's constant (6.63x10'34 J's), v is frequency (s'l), and E,; and E, refer to the

initial and final energies of the macromolecule, respectively. Measurements are typically




made between 200 and 900 nm, with added information available at larger wavelengths in
the near-infrared region (NIR).
Qualitative analysis with UV/VIS spectrometry can be difficult. The vast

numbers of absorbing species for each wavelength make the task of identification

difficult without knowledge of the exact structures present. (4).... Application of ultraviolet ... ..

spectroscopy (at short wavelengths) is limited due to the large number of species which
absorb in this region. Molecules must contain chromophoric groups in order to absorb,
which include (poly)enes, molecules with aromatic rings, and molecules with carbonyl
groups (5).

Once an absorption peak is related to the presence of a given species, quantitative

analysis using UV/VIS spectrometry is possible using the Beer-Lambert law as seen in

Eq. (2) (4-5).
lo
A=10g|o(7)=8'C'l (2)

A is the absorbance, I, is the intensity of the incident light (quanta/second), I is the

intensity of the transmitted light (quanta/second), € is the molar absorptivity or extinction

coefficient (liters-mol_l -cm - or m3-kg" ! ), ¢ is the concentration, and [ is the

optical path length. This equation yields a linear relationship between the concentration
and absorptivity of a given species. While A in the Beer-Lambert equation represents the
peak height at the absorbance maximum, a more accurate measure of concentration is

obtained by replacing A with total integrated Intensity.

Objective




The absorption behavior of degraded oil samples in the ultraviolet and visible
regions of the electromagnetic spectrum will be determined to evaluate this technique as a
means for in-situ oil monitoring. Referred to as UV/VIS absorption spectrometry, this

technique offers a unique opportunity in chemical analysis due to the fact that tests are

quick and sensors..can.be .manufactured..to. relatively .small _sizes. __Results from ...

preliminary work (7) yielded a linear relation between total loss edge values and changes
in viscosity. This linear relationship held for oil samples degraded to various times at
different temperaturc treatments (210-300°C), showing total loss edge values to be
independent of temperature variations. As a result, degradation of oil samples for this

study will be limited to environmental variables only.

MATERIALS AND METHODS

In order to determine the potential of using UV/VIS absorption spectrometry for
oil monitoring, a series of oil degradation experiments was performed at 250°C under
various environmental conditions. As shown in Table 1, a total of eight experiments
were performed while varying atmosphere, humidity, and the presence of M-50 steel
surfaces. For each test, 750 ml of as-received synthetic oil (MIL-1.-23699) were placed in
a Pyrex beaker on a hot plate. The hot plate was connected to a constant temperature
controller. The thermocouple from the controller was covered with a glass capillary tube
sealed at one end, then placed into the oil bath. Gas flow was supplied to the oil bath
using a flow meter set to 0.83 L/min and a glass dispersion tube placed into the bath.
Finally, the beaker was wrapped in fiberglass insulation to aid in temperature control. In

this manner, the oil was completely isolated from metallic surfaces which might act as

h




catalysts. The hot plate was set to the highest setting and the temperature controller was
set to 250°C, resulting in a heating rate of approximately 225°C/hour.
In accordance with Table 1, gas flow supplied to each experiment was either

compressed argon, resulting in a relatively inert (non-oxidative) atmosphere which would

allow for thermal degradation.with minimum . oxidative degradation, or_compressed.air.

which would promote both thermal and oxidative degradation. Samples of M-50 steel
were supplied as catalyst surfaces for the designated tests in the form of 1/4” diameter
bearing balls placed in the oil bath at the beginning of each of the experiments. The
resulting ratio of available surface area to oil was 3.6 mm*ml, which was kept constant

for each of the appropriate tests. For tests performed under low humidities, water content

- for both compressed argon and air was determined with an on-line sensor (Implant

Sciences Corporation, Wakefield, MA 01880) to be <12% RH. For the tests performed
under high humidity, a liquid bubbler filled with distiller water was placed between the
flow meter and the oil bath. The resulting relative humidities for the gas flow entering
the bath were 85% for argon and 92% for air.

In order to analyze changes in oil condition with test time, 50 ml samples were
Faken during each experiment using a glass pipette. Sample times recorded from initial
heatup were 3., 5,7, 9, and 13 hours. Each sample was stored in a glass bottle with a
Teflon lined lid to protect the oil sarﬁples from the environment and to prevent absorption
of water, which might lead to further degradation.

In order to determine the effects of degradation on the physical behavior of the oil
samples, viscosity tests were performed using a variable speed rheometer (Brookfield

RVDV III, Brookfield Engineering Laboratories, Inc., Stoughton, MA 02072) with a 0.8°
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cone angle. Experiments were performed at 40+0.1°C using a constant temperature water
bath, thereby producing results comparable with military specifications.

The extent to which oil degradation had occurred for each sample was determined
using a number of analytical techniques. Antioxidant concentration for each sample was
determined using a Remaining Useful Lubricant Life Evaluation Rig (RULLER) (1-3)
and the extent to which degradation had occurred was determined from the total acid
number (TAN) (8). For TAN determination, there were two modifications to the ASTM
procedure, the use of aqueous based buffers and titration to pH 11. These techniques are
used in combination to predict when an oil is likely to degrade and the extent to which
degradation has occurred.

In order to obseﬁ/e the formation of high molecular weight degradation products,
size exclusion chromatography, also known as gel-permeation chromatography (GPC),
was performed using an ultraviolet/visible (UV/VIS) wavelength detector (Waters™
Chromatography Division, Millipore Corporation, Milford, MA 01757). A pre-filter and
50-1K, 5K-10K, 20K-300K and IOOK-iOOOK molecular weight range columns
(Phenogel, Phenomenex, Torrence, CA 90501) were used to determine the molecular
yveight distribution of each sample, with tetrahydrofuran as the solvent carrier. The
columns were calibrated between 92 and 870,000 MW using polystyrene molecular
weight standards and toluene. Approximately 20-30 mg of each sample was mixed with
10 ml of tetrahydrofuran and filtered three times through a 0.22 um Teflon filter before
injection. The flow rate was set to 0.4 ml/min, and the injection volume was 20 pl.
UV/VIS data for the oil samples was processed at a constant wavelength of 216 nm. Data

were calibrated against the polystyrene standards to generate molecular weight




distributions from the measured elution times. In order to accurately compare results
from each run, all data was corrected by normalizing the areas under each data curve.
Evaluation of changes in peak intensity and location of the high molecular weight

degradation products was performed using peak separation and analysis software

(Peakfit™ V 4.0, Jandel Scientific Software, San Rafael, CA 94901) assuming Gaussian ... .

distributions.

Further tests were performed on these oil samples using UV/VIS spectrometry.
Using a portable UV/VIS spectrometer (Ultrospec III, Pharmacia LKB Biochrom LTD,
Cambridge, England), oil samples were placed in a constant péth length cell and analyzed
for transmittance with ib.l% accuracy covering the ultraviolet and visible regions of the
electromagnetic spcctmﬁ between 200 and 900 nm. In order to determine the total loss
edge for each sample, the tangent of each spectra was generated and the intercept of the
tangent to the x-axis was determined. Further analysis was performed in the near infrared
spectrum by measuring absorbance characteristics of the oil samples using a high
performance UV/VIS/NIR spectrometer (Laﬁbda 9 UV/VIS/NIR Spectrometer, Perkin-
Elmer Corporation, Norwalk, CT 06856) with +0.1% accuracy between 350 and 2000 nm
(2 pm). In order to analyze the absorption behavior of the degrading oil and to determine
if the Beer-Lambert law was followed for the absorption behavior of concentrated
samples, the 13 hour sample from test OX12NC was diluted in as-received oil and

appropriately analyzed.
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RESULTS AND DISCUSSION

Oil samples used in this study were gencrated» by degrading a conventional
synthetic turbine oil (MIL-L-23699) under various environmental conditions as shown in
Table 1 and previously reported by Sabia et al. (9) Characterization was performed using
rheological measurements at 40°C, total acid number, antioxidant content using RULLER
measurements, and molecular weight analysis using a UV/VIS detector at 216 nm. The
absorption characteristics of the oil samples was determined using UV/VIS/NIR

spectrometry.

Sample Characterizatipn
Results from viscosity measurements perfofmed at 40°C showed all oil samples to
yield Newtonian behavior without Bingham yield points. Oil viscosity (23.3 cP for the
.as-received sample) increased with increasing test time for each series of experiments,
with more dramatic increases in viscosity changes for those experiments performed in
oxidative environments (>100% maximum change) compared to non-oxidative
environments (25-30% maximum change). The presence of the M-50 steel catalyst
caused more extreme changes in viscosity and the effect of high i-lumidity produced less
extreme changes in viscosity, particularly for those samples tested in oxidative
environments. (9)
Resulfs for total acid number and antioxidant content changes as a function of test
time and environment showed changes similar to those for viscosity. As test time
proceeded, the extent to which degradation had occurred increased, as indicated by

increasing TAN values. The potential for continued degradation also increased. as




indicated by decreasing antioxidant content. Variations in the rate of changes in TAN
and antioxidant content with respect to catalyst and humidity were consistent with those
for viscosity changes. (9) Maximum changes for the 13 hour test samples yielded TAN
and antioxidant values of 0.45 and 55% respectively for non-oxidative environments, and
4.0 and <40% respectively for oxidative test environments.. . ... _.__

Molecular weight analysis performed on the oil samples showed the formation of
a high molecular weight species above 1300 MW. With increasing test time, peak area
determined by Gaussian curve fitting increased while maintaining the same mean
molecular weight. Upon depletion of the antioxidant, peak analysis showed continual
growth in peak area to be accompanied by an increasing shift in mean molecular weight.
In order to incorporateAchanges in both peak area and mean molecular weight of the

degradation product, a growth factor has been generated:

Growth Factor = Mean Molecular Weight x Peak Area Fraction 3)

Total Loss Edge Analysis

In order to determine if the oil samples in this report exhibit the same linear
relationship between iota] loss edge values and changes in viscosity as discussed for the
preliminary work (7), transmittance measurements were performed between 200 and 900
nm. As shown in Figure 1 for samples from tests INI2NC, the transmittance behavior of

the oil samples decreased and the loss edge increased to higher wavelengths as test time
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proceeded. Values for total loss edge were determined by extending the tangent for each
spectra to the zero percent transmittance intercept. Total loss edge (TLE) values for all
eight test series are plotted versus corresponding changes in viscosity in Figure 2. For the
samples generated in non-oxidative environments, a linear relationship between the TLE
values and viscosity changes is shown with a slope of 8.11. For samples generated in
oxidative environments, the initial increase in TLE values with increasing viscosity
follows the same linear relationship as for samples tested in non-oxidative environments

(m=8.11) until approximately 675 nm and 25% viscosity change, above which the
viscosity begins to increase at a greater rate following the curve y=48291-x%"° (with

correlation coefficient, r2=0.96). -For the as-received sample, a TLE value of 390 nm
shows that the pristine oil does not correlate with the linear relation observed during the

initial stages of degradation.

Deviations for experiments performed in oxidative environments from the linear
relationship found for the non-oxidative environments can be explyained by observing the
chemical changes in the oil samples shown by total acid number (TAN) and antioxidant -
concentration changes. Figure 3(a) shows TAN values plotted against changes in
antioxidant content for all test series. As degradation proceeded, antioxidant content fell
below 40% and leveled off. Since TAN values are not considered significant until above
1.0, Figure 3(a) shows that extensive oil degradation initiated when the antioxidant
content fell below approximately 60%. Knowing the antioxidant concentration level at
which significant degradation began (i.c. at the onset of antioxidant depletion), the plot of

antioxidant content versus viscosity change (Figure 3(b)) can now be used to determine




the corresponding viscosity change. A 60% antioxidant content corresponds to a 25%
change in viscosity, the same value at which total loss edge began to deviate in Figure 2.
Once the antioxidant level fell below approximately 60%, significant chemical changes

occurred in the oil until approximately 40% antioxidant, at which point the chemical

changes were accompanied by significant physical changes. as indicated by the viscosity ...

results. This region between 60-40% antioxidant content and 25-50% viscosity change is
considered to be the region in which changes in antioxidant content with lubricant
degradation become critical. Thus, comparing these results with Figure 2, the TLE values
accurately correspond to the physical changes in the oil samples until the antioxidant

level reaches the critical concentration.

Absorption Behavior of the Degraded Oil Sambles

In order to understand the correlation between total loss edge values and physical
degradation effects reflected by viscosity changes, the absorption behavior of the oil
samples genverated for this study must be determined. This was accomplished using a
high performance ultraviolet/visible spectrometer which was capable of detecting
~absorption characteristics in the near infrared spectra region. Samples were tested to
higher wavelengths within the infrared region in order to discern between absorption and
scattering effects in the oil. The absorption behavior shifted in the same manner as the
transmittance results shown in Figure 1: As degradation proceeded, both absorbance and

loss edge shift to higher wavelengths.




In order to determine if optical spectra changes for the oil samples were the result
of absorption rather than scattering, portions of the 13 hour sample from test OX12NC
were diluted in as-received oil to concentrations shown in Table 2. These solutions were
mixed and then tested using the high performance UV/VIS/NIR spectrometer. The
results are shown in_Figure 4(a). The absorbance of the solutions.increased and loss edge .
shifted to higher wavelengths with increasing concentration, as indicated by the arrow.

The changes in absorption behavior have been attributed to the presence of three
absorption peaks, located at 355, 415 and 500 nm and referred to as peaks 1 though 3
respectively. Peaks were fitted for Gaussian shapes as shown in Figure 4(b). Peak 1 is
initially highly absorbing and decreases in intensity as concentration of the degraded oil
increases. Peaks 2 and .3 initially are not strongly absorbing, but increase in absorbance
with increasing concentration of the degraded oil. In Figure 4(b), the most absorbing
peak for the indicated concentration is identified. For dilutions of 2.09% and below, peak
1 at 355 nm is dominant and thus dictates the location of the total loss edge (extrapolated
to an -absorption value of 5 corresponding 0 0 transmittance). For concentrations of
9.45% and above, peak 2 is most absorbing and dictates the location of the loss edge.
These results show that the absorbance spectra (and associated total loss edge values) will
reflect the extent of oil degradation, but only after a certain amount of degradation has
occurred and a large enough concentration of degradation species exist. Evident from
these results is the explanation as to why the as-received oil sample does not correspond
with the linear relationship observed during the initial stages of degradation between TLE
values and viscosity changes: The initial TLE value for the as-received sample reflects

the absorption behavior of the base ester and does not reflect degradation until the




absorbance of peaks 1 and 2 decrease and increase respectively to the point in which peak

2 predominates.

Absorption Behavior and Degradation Product Concentration

Results of changes in the absorption behavior of the degraded oil sample diluted
in as-received oil (shown in Figure 4) suggests that absorption characteristics are directly
related to the concentration of the degradation products. In order to test this hypothesis,
the Beer-Lambert law (Eq. (2)) for this oil system was evaluated. Changes in peak area
as a function of concentration were calculated from fitted Gaussian distributions and used
" for absorbance values (Iis'ted in Table 2). Figure 5 shows changes in absorbance peak
area as a function of conéentration for peaks 2 and 3. Both peaks yield linear results, and
thus confirm to the Beer-Lambert law.

Results shown in Figure 5 yielded slopes for both peaks which are approximately -
equal (m= 4.1 and 4.2 for peaks 2 and 3 respectively), suggesting the possibility that both
peaks are due to the same degradation product. In order to determine if the absorbing
species are the high molecular weight products observed in gel permeation
ghromatography (GPC) analysis, the absorbance characteristics for test samples from all

eight degradation experiments must be determined. Figure 6(a) shows the absorption

characteristic for peak 2 area (y = 0.86-x]‘34) and peak 3 (y= 0.14 - x"%8) plotted versus
changes in peak area for the high molecular weight degradation product. Both absorption
peaks follow the same general trend until approximately 45% peak area. at which the
absorbance values for peak 3 undergo positive deviation with respect to peak 2. To

understand the significance of this change in absorbance behavior, Figure 6(b) shows the




changes in peak area for the high molecular weight species versus changes in viscosity for
the oil samples. At values of approximately 45%, peak 3 area for experiments performed
in oxidative environments deviate from the initially linear relationship between peak 2

area and viscosity change. This deviation signifies the onset of physical changes which

result from extreme oil degradation... Relating.this data .to. the results for..absorbance....

changes in Figure 6(a) show that deviations for both plots occur at 45%, thus signifying

that the absorbance characteristics for peak 2 and 3 do not reflect the same behavior.

Degradation Product Concentration Versus Particle Volume

From the absorbance information generated for the oil samples, relative
concentration of the abs_brbing species can be determined by normalizing the absorbance
area for a given peak with respect to the most degraded test sample. Although this
normalization method does not allow for determination of the extinction coefficient
associated with the absorbing species, the method does allow for a general description of
the extent to which the quantity of degradétion product affects the overall absorbance
properties of the test samples. Further comparisons can be made with the physical
.changes associated with oil degradation by treating the high molecular weight degradation
product as particulates. Since all viscosity measurements reflected Newtonian behavior,
the Einstein equation, Eq. (4), for particle content can be investigated as a plausible cause

for both optical and viscoelastic behaviors (10-11).

5
ﬂ*=ﬂ0'(1+5'¢) (4)
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The n* refers to the experimental viscosity, 1, refers to the as-received viscosity, and ¢
refers to the percent particle volume of the system. Assuming that viscosity changes in
the oil samples are the result of high molecular weight degradation products acting as
particulate species, the estimated particle content determined using Eq. (4) may be
compared with absorbance data. - Figure 7 shows the relationship-between. particle volume -
as calculated using Eq. (4) and the relative concentration of the degradation species
determined for absorbance peaks 2 (a) and 3 (b). Particle volume calculations yielded
maximum values of 0.69%. Concentrations associated with the absorption peaks show
linear relationships, with slope and correlation coefficients of m=1.34 and r°=0.93 for
peak 2 and m=1.55 and 1’=0.92 for peak 3. The differences in slopes may in fact signify
that the two absorbance-peaks do not reflect the same behavior. Furthermore, the linear
relationships shown in Figure 7 support the hypothesis that the high molecular weight
degradation products behave as particulate species to increase viscosity in the degraded

oil.

Association of Absorbance Peaks

Identification of the absorbing species reflected by peaks | through 3 has not been
accomplished. Possible degradation products for synthetic oil systems and the lack of
absorption information on each product makes identification impossible at this time.
However, knowing that absorption peaks 1 and 2 are in the ultraviolet spectra, that only

compounds with chromophoric groups (e.g., poly(enes) and species with carbonyl and




aromatic rings) absorb in this region, and that ester compounds are the primary
constituent (>90%) in the as-received oil allows for a general association of the probable
absorbing species. Since peak 1 decreases and peak 2 increases, peak 1 can be attributed

to the original base esters, which decrease in concentration during reaction to form

degradation products,..and..peak..2..can be_ attributed _to _the _high_molecular. weight....

degradation product which contains carbonyl groups.

Comparison of Peak Area and Total Loss Edge Analysis

This work has shown that using total loss edge (TLE) values to predict the
physical changes associate with oil degradation is plausible, and that the TLE values
actually reflect the absbrbance behavior of peaks ‘aséociated with the base ester and
degradation products. Although analysis of the absorption peaks has also been shown to
be an accurate method for observing oil condition, information from both absorption
peaks area and TLE values will now be compared to determine which technique is more
representative of the state of degradation in the oil.

Since the absorbance behavior of peaks 2 and 3 have been shown in Figure 5 to
conform to the Beer-Lambert law, the area under each absorbance curve can be related to
the concentration of degradation product. The rate of product generation follows a high
order kinetic reaction (9). To confirm the same behavior for the absorptivity of peaks 2
and 3, Figure 8 shows a linear relationship between absorbance and test time. Values for
correlation coefficients and slopes are shown in Table 3. Comparison of this data with
the results for growth factor analysis shows lower correlation coefficients for the

absorption peaks, an indication of less accurate measurements which is attributed to




human error involved in absorbance peak fitting. Further comparison of slope values
shown in Table 3 yield linear correlation coefficients >0.92, confirming that the
absorbance peak information accurately reflects the concentration of high molecular

weight degradation products.

In order to compare-the total loss-edge -(TLE) technique with absorbance peak --...-.-..

results, changes in TLE values are plotted versus test time for all eight test sertes in
Figure 9. Results for absorbance peak analysis (Figure 8) show that both peaks 2 and 3
reflect linear growth versus test time, whereas TLE values shown in Figure 9 do not hold
a linear relationship. This comparison shows that the TLE values do not accurately
represent the absorption data and therefore is not indicative of changes in degradation
product concentration. Funherrnora, initially high rates of TLE change with test time are
attributed to the fact that the TLE values initially reflect base ester absorbance properties
and do not reflect degradation until the concentration of degradation species is significant.

Direct comparison of total loss edge values with results for the two absorbance

peaks is shown in Figure 10. Data follows the relations y = 190.59- x*' for peak 2 and
y =273.68-x*"* for peak 3. Values of absorbance peaks increase at higher rates with

increasing degradation in comparison to TLE values. This shows that the sensitivity of
the TLE technique in measuring extent of degradation is lost as more severe degradation
occurs. Also evident is the fact that changes in absorbance values for peak 2, although
proportional to peak 3 (Figure 5), are greater with respect to peak 3 and therefore more

sensitive to small changes in degradation behavior.




CONCLUSIONS
This paper has presented data supporting the use of absorbance characteristics of
synthetic ester-based oil samples to determine degradation behavior and oil condition.

Two techniques have been investigated: the use of absorbance changes characteristic of

the base esters and degradation products, and the -use of ‘total loss ‘edge (TLE) values--

determined by the changes in absorbance peak intensities. The investigations were
centered on oil samples generated at 250°C under various environments.

The changes in absorbance spectra for the §il samples were shown to be the result
of changes in the behavior of three absorption peaks located at 355, 415, and 500 nm.
Total loss edge values determined for the oil samples are a direct reflection of the
absorbance peak which predominates for a given sample. As degradation proceeded, the
355 nm peak decreased in intensity and is thus attributed to the base esters. The
absorbance of the 415 and 500 nm peaks increased with increasing degradation, and these
peaks are attributed to the degradation products. As degradation proceeds, TLE values
are dominated by the 355 nm peak and thus represent the base esters until the absorptivity

of the degradation products predominate, at which point the TLE values are dominated by

the 415 and 500 nm peaks and increase at a roughly linear rate with time. However,

comparison of TLE values with absorbance changes for these three peaks has shown that
changes in peak area are more representative and sensitive to changes in degradation
behavior.

Further relations have been shown between the formation of the high molecular
weight degradation products and changes in the absorption characteristics of peaks at 415

and 500 nm. The 415 nm peak has been attributed to an absorbance characteristic of the




degradation product which reflects concentration, whereas the 500 nm peak has been
attributed to an absorbance characteristic which represents product concentration and
size. By relating the formation of the high molecular weight products to the formation of

particulate species using the Einstein relationship for viscosity given in Eq. (4), results

have shown that the relative concentration..of- degradation..products correlated with.the ........... ...

formation of particulate species.

In reference to using these techniques for monitoring oil condition and the extent
to which degradation has proceeded, values for both the 415 and 500 nm absorbance
peaks have been shown to correlate with concentration for the high molecular weight
degradation product. Inférmation gained from absorbance results can be used to relate
. concentration and estima'te mean molecular weight for the degradation products based on

UV-visible spectrometry.
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Table 1. List of degradation experiments used for UV/VIS spectrometry testing.

Test ID Temperature | Atmosphere | Humidity | Catalyst
IN12NC 250°C inert (Ar) <12 % None
IN12C 250°C inert (Ar) <12 % M-50
IN85SNC 250°C inert (Ar) ~85 % None
IN85C 250°C inert (Ar) ~85 % M-50
OX12NC 250°C oxidative (Air) <12 % None
0X12C 250°C oxidative (Air) | <12 % M-50
OX92NC 250°C oxidative (Air) ~92 % None
0X92C 250°C oxidative (Air) ~92 % M-50

Table 2. List of concentrations (weight percent) and normalized absorbance peak areas
(given in percent change) for OX12NC 13 hour test sample diluted in as-received oil.

Concentration | Area Peak 1 | Area Peak 2 | Area Peak 3
(weight %) (355 nm) (415 nm) (500 nm)
0.36% -28% 86% 200%
0.54% -32% 136% 220%
0.66% -40% 157% 300%
0.85% -44% 176% 520%
2.09% -50% 597% 900%

4.95% NA 1610% 2650%
9.45% NA 3189% 4100%
29.12% NA 7400% 6900%
50.00% NA 13,058% 14,900%
75.00% NA 19,637% 19,900%
100.00% NA 23,584% 21,900%




Table 3. List of correlation coefficients and slopes for linear regression analysis
performed on absorbance versus time plots shown in Figure 11.

Test ID Peak 2: | Peak 2: | Peak 3: | Peak 3:
r Slope r Slope
IN12NC 0.998 265.2 0.980 68.1
INI2C | 0.998 2459 | 0.951 67.7
IN85SNC 0.982 286.2 0.931 82.2
IN85C 0.991 298.6 0.970 77.7
OX12NC 0975 571.0 0.957 186.5
0X12C 0.960 779.0 0.949 184.2
OX92NC 0.990 602.1 0.970 152.0
0X92C 0.987 669.3 0.952 192.6
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Figure 1. UV/VIS spectra for tests IN12NC, plotted as transmittance versus Wavelength.
Results show a decrease in transmittance and a shift of the total loss edge to high
wavelengths with decreasing oil condition.
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coefficients of r’=0.96. Results show deviations in total loss edge behavior for samples
tested in oxidative and inert atmospheres.




4 - .
7 :
K .
. 2, ] B « )
O = A P
X ]
o 4 °
€ 2 Qa.
z .
i o0
S 1 - g
] .
] o ;@ @D o IN12NC
O-J—T!ﬂ‘%ﬁﬂmrﬂﬂmﬁ o IN12C
100 90 80 70 60 50 40 30 & IN85NC
Antioxidant Content (%) v IN85C
¢ OX12NC
00 ¢ OX12C
® OX92NC
> m  OX92C

A OO OO N @
o o & o o

Antioxidant Concentration (%)
W
o

0 25 50 75 100 125 150 175
Viscosity Change (%)

Figure 3. Total acid number results versus antioxidant content (a) and antioxidant
content versus viscosity changes (b). Dotted lines indicate onset of chemical degradation
in the oil samples.
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and 500 nm peaks with changes in concentration (b). The optical changes in o1l samples
are shown to be the result of changes in the three absorption peaks.
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Figure 5. Absorbance values for peaks 2 and 3 for the OX12NC, 13 hour test sample
diluted in as-received oil to concentrations listed in Table 5-2. Linear regression
coefficients and slopes for peaks 2 and 3 are r’=0.99, m=4.07 and r’=0.98, m=4.16
respectively. Results show that absorption behavior of peaks 2 and 3 follow the Beer-
Lambert law for concentration of high MW degradation products.
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Figure 6. Changes in absorbance (a) for peak 2 (y=086-x'%%) area and peak 3
(y=014-x"%8) area with correlation coefficients of r’=0.93 and 0.95 respectively , and

changes in viscosity (b) versus changes in area of the high molecular weight species, with
coefficients of r’=0.82 and 0.93 for the oxidative and inert environments respectively.
Results show that absorption peaks 2 and 3 represent different behavior for the high MW
degradation products.
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m=1.55. The linear relationships show that the high MW degradation products act as
particulate species. .
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order kinetic reaction which accounts for the formation of high molecular weight
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Abstract of Dissertation Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy
DETERMINATION OF METALLO-ORGANIC AND PARTICULATE WEAR
METALS IN LUBRICATING OILS ASSOCIATED

WITH HYBRID CERAMIC BEARINGS BY
INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY

By
Robin Ann Russell
August 1997
Chairman: James D. Winefordner
Major Department: Chemistry .

It is possible to increase both the performance and operating environment of jet
engines by using hybrid ceramic bearings. Our laboratory is concerned with investigating
lubricating fluids for wear metals associated with silicon nitride ball bearings and steel
raceways. Silicon nitride is characterized by low weight, low thermal expansion, high
strength, and corrosion resistance. These attributes result in longer engine lifetimes than
when metallic ball bearings are used. Before the routine use of ceramic ball bearings can
be realized, the wear mechanisms of the materials should be thoroughly understood. One
important variable in determining wear degradation is the concentration of metal present in
the lubricating oils used with the bearings. A complete method for analyzing used

lubricating oils for wear metal content must accurately determine all metal forms present.
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Oil samples pose problems for routine analysis due to complex organic matrices.
Nebulizing these types of samples into an Inductively Coupled Plasma - Mass
Spectrometer introduces many problems including clogging of the sample cone with
carbon and increasing interferences. In addition, other techniques such as Atomic
Absorption Spectrometry and Atomic Emission Spectrometry are particle size dependent.
They are unable to analyze particles greater than 10 pum in size.

This dissertation describes a method of analyzing lubricating oils for both metallo-
organic and particulate species by ICP-MS. Microwave digestion of the oil samples
eliminates the need for elaborate sample introduction schemes as well as the use of a
modified carrier gas.

Al, Cr, Fe, Mg, Mo, Ni, Ti, and Y have been determined in both aqueous and
organic media. Metallo-organic solutions of these metals were successfully digested,
nebulized into the ICP, and the singly charged ions measured by mass spectrometry.
Metal particulates in oil matrices have also been quantitatively determined by the above
method. Linear analytical curves were obtained for these elements from the detection
limits (~ 1 ppb) to greater than 1 ppm.

Used lubricating oil samples were also analyzed by microwave digestion ICP-MS.
Oil samples were collected from a Rolling Contact Fatigue tester. Two bearing systems
were evaluated: M50 steel balls on an M50 steel rod, and Si;N, balls on an MSO0 steel rod.
Improved operating conditions were obtained when the Si;N, balls were used, which

corresponds to longer engine lifetimes.
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INTRODUCTION

ascr ablation (LA) as a sam-
pling technique for induc-
tively coupled plasma mass
spectrometry (ICP-MS) was first re-
ported by Gray in 1985.! Since that
time, the technique has gained wide
acceptance for the analysis of solids,
because virtually any material can be
sampled with the use of a focused,
high-powered laser. Several excel-
lent reviews have recently been writ-
ten on the principles of LA-ICP-MS
describing numerous applications of
the technique.?-S Important advantag-
es associated with laser sampling in-
clude the lack of sample preparation

o
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and dissolution steps, which can be

L6/ ime consuming and also can lead
to contamination of thc sample. In
addition, LA-ICP-MS offers sub-
ppm (pastc per miilion) detection
limits for most elements in a wide
variety of matrices.

Decspite the advantages associated
with laser ablation, therc are still a
number of problems associated with
the technique. Laser-material inter-
actions are not completcly under-
stood.? An undefincd amount of ma-
terial will be ablated by each laser
shot with a composition that may or
may not stoichiometrically represent
the bulk solid.? The end result is that
matrix-matched standards are often
required for calibration; however, al-
ternative approaches have been stud-
ied.&®

In spite of the difficulties associ-
ated with lascr ablation, it is a useful
sample introduction technique. For

example, survey analysis of an un-
known sample can be performed
rapidly for both % level and ppb lev-
el clemental constituents. Unfortu-
nately for most IOP.MS, ‘the cost of
laser ablation systems can be prohib-
itive. The most commonly uscd type
of laser for LA-ICP-MS is the Nd:
YAG operating at its fundamental
wavelength (1064 nm)*!®!! or onc of
its harmonics (532 nm,'2 355 nm,12.13
and 266 nm™''-P), Although it has
been proposed that UV Jasers may
be more advantageous for LA-ICP-
MS, the use of doubling crystals in-
creases (he complexity and expense
of the system.!"12

The purpose of this paper is to re-
port on the use of a compact and in-

expensive Nd: YAG for LA-ICP-MS

analysis of solids. Thesc lasers,
which were developed primarily for
the opthalmic market, offer a simple,
low-cost solid sampling option for




ICP-MS users. The device, which
measures approximately four inches
in length, is permanently aligned and
thus rcquircs no manual adjust-
ments.™ Recently, their use in a por-
table laser-induced breakdown spec-
trometer was reported.! In this pa-
per, the capability of these compact
lasers for LA-ICP-MS analysis of
NIST aluminum and glass samples is
demonstrated.

EXPERIMENTAL

The laser used in this study was a
Nd:YAG (Kigre, Inc., Hilton Head,
SC, MK-367) operating at 1064 nm.
This laser provides nominal pulse en-
ergies of 20 mJ, pulse widths of ~4
ns, and a beam diameter of around 3
mm. It can be powered from either a
12-V dc power source or a transform-
er for 110/120-V operatlon and has
an operational lifetime in excess of

> 300,000 shots. %It can either be op-
erated in a manual fi nng mode or re-
petitively fired at a maximum repeti-
tion rate of 1 Hz. In our work, the
laser was operated at 1 Hz, which re-

quired the use of a water-cooled -,

mount (Kigre MK235236). The laser
was focused onto the surface of the
sample with a biconvex lens (FL = 6
“cm). Samples were held in a glass ab-
lation chamber, which was translated
at ~50 pm/s on a modified syringe
pump, to provide a partially fresh sur-
face for each laser shot in order to
achieve mcre representative sam-. ..
pling. The total cost of the laser sys-
tem and sample stage was under
$7000. Ablated material was trans-
ported to the ICP through a 1.5-m
length of plastic tubing. For compar-
ison studics, a Finningan MAT Sys-
tem 266 laser ablation accessory was
used. This system provides a 266-nm
Nd: YAG laser beam with a pulse en-
ergy of 1 mJ and a pulse width of 10
ns. .
A Finnigan MAT SOLA ICP-MS
was used in this study. Typical op-
erating conditions for the experiment
are listed in Table 1. The system is
operated in a “wet plasma” config-
uration, in which a solution blank is
continuously introduced during the
analyses.®'s While this approach
- does increase the level of some in-

TABLE 1. ICP-MS operating conditions.

terferences, most notably oxides, we
have found that this arrangement

gives greater sensitivity and more

stable signals in comparison to a dry
" plasma. The improvement in sensi-
tivity is a factor of 10 or more, and
precision is improved, on average,
by a factor of 2.
~ The samples used in this study
were NIST 601-604 aluminum stan-
dard referer{:ce materials, in which ti-
“tanium i$ present at levels of 120 to
1000 ppm. In the analysis of these
samples, “*Ti was measured as well
as SFe for internal standardization.
- To demonstrate the utility of this la-
ser for nonconducting samples, we
also analyzed NIST glass samples
(611, 612, and 617). In the glasses,
88r, and ¥Ca were measured, where
- Sr-}s’prescnt at ievels frum 41.5 ppm

- ~t0 515.5 ppm and Ca i$% major con-

stituent of the glass matrix. All sam-
ples were used as received, with no
surface modification or other prepa-
ration.

"RESULTS AND DISCUSSION

Scanning electron microscopy was
used to examine the laser-ablated
NIST aluminum samples, as shown
in Fig. 1. Figure la (top) shows the
surface of the sample after 50 laser
shots. It can be seen that the largest
amount of ablation occurs in a re-
gion approximately 150 pm in di-
ameter, but that the melting of the
sample extends well beyond this
area, as evidenced by the wavelike
structures on the sample surface.

Figure 1b (middle) is representative
of typical analysis conditions, i.e.,
the sample was translated at 50 pm/s
while the laser was fired at 1 Hz. The
ablation track in this case is around
500 pm wide and very shallow.
Once again, the wavelike structure
can be clearly scen and is indicative
of the fact that much of the material
is removed by vaporization of the
surface via the plasma that forms on
the surface. For comparison, an ab-
lation track formed by ablation with

" a266-nm Nd: YAG is shown in Fig.

1c (bottom). It is evident from these
figures that the ablation process is
much more explosive with the UV

- laser than with the IR lascr. This ob-

servation is most likely due to the
fact that the laser interacts with the
sample surface throughout the laser
pulse for UV lasers, and the rolc of.
the surface plasma in ablation is
minimal.

scrs for ablation.!!1217 Only a limited
comparison can bc madc in this

Several rescarchers have .
" ‘compared the use of IR and UV la-

adio-frequency power 1200 W
Coolant gas flow rate 15 L/min
Auxiliary gas flow rate 0.9 L/min *
Ncbulizer gas Now rate 0.65 L/min
_Ablation chamber flow rate 0.35 L/nin
Solution uptake rate 1.0 L/min
Scan conditions . j C
Faraday scans ' '
Scan range per isotope 1 amu A\/
Number of passes 32 P
Number of channels per amu 8 >
Dwell time 64 ms
Multiplier scans
Scan range per isotope 1 amu
Number of passes 128
Number of channels per amu 16
Dwell time 4ms
/

work, however, since the pulsc en-

ergy, pulse width, beam quality, and
numerous other factors play a role in
the ablation process.

A temporal profile of the Ti signal
from NIST 604 is shown in Fig. 2.
This figure indicates that, under the
experimental conditions, cven the
low repetition rate of 1 Hz produced
a “steady-state” signal. The profile
contains a large number of spikes,
which can be attributed to larger par-
ticles being vaporized in the ICP.
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A linear calibraion pilot (KX =
0.99) for Ti in the aluminum samples
is shown in Fig. 3. It was necessary
with these. samples to measure S7F¢
in addition to **Ti, in order to ac-
count for differences in the mass
ablated between samples and within
a series of analyses on onc sample.
Although it is not exactly an intcrnal
standard, since its concentration var-
ied between the samples, we ac-
counted for these differcnces by nor-
malizing the signal and thus mim-
icked the use of an internal standard.
It is usually preferable to use a minor
isotope of a major matrix constituent
as the internal standard, but this was
not possible because Al is monoiso-
topic and produced signal levels that

- saturated the detector. The precision
of the normalized mecasurcments (n
= 5) ranged from 10 to 13%, com-
pared to 17 to 24% without normal-
ization. These values could be im-
proved by using a shorter dwell time
and a larger number of passes, but a
minimum dwell time of 64 ms is re-
quired when using thc Faraday de-
tector. This means that a relatively
Jong period of time is spent at each
mass. The detection limit (30) for Ti
in the aluminum samples is 0.3 ppm. -

To assess the use of the laser for
nonconducting samplcs, we analyzed
NIST glasses. Figure 4 shows a lin-
ear calibration plot (R = 0.9999) for
Sr in these glasses. Once again, an
additional isotope (*Ca) was mca-
sured to account for differences in
the mass ablated. Differences in the
mass ablated were as great as a fac-
tor of 4 between the glasses, duc to
the fact that the laser is absorbed dif-
ferently by each glass. With thc UV
Iaser, differences in the ablated mass
between samples was Icss than a fac-
tor of 2. The precision of the mca-
surements (n = 5) ranged from 2 to
10%. The improved precision of

€

@?wnm‘ng electron microscope images

of the aluminum surface after, from top to
bottom, {a) 50 shots from the compact IR la-
ser, (bf while translating the sample, ond {c]
with a UV laser while translating the sample.
Magnifications of b ond ¢ ore 100x and
240x, respectively (bar represents 100 pm).




these measurements is at least par-

1 tially due to the shorter dwell times,
tover g which can be uscd with the multi-
: . plicr dctector. The detection fimit
M o o (30) for Sr in the NIST glasscs is 0.1
I ppm. For comparison, the detection

L2107

o ¢ limit with UV laser ablation is 0.05

J ppm. The improvement can be at-

&“ m A{’ l tributed to the larger mass of mate-

J J,* N " \ «iﬂ 'H ] rial that is ablated with the UV laser,

due to increased absorption by the

glass. Due to differences in laser ab-

lation systems and ICP-MS instru-

s e WP W ; mentation, direct comparisons with
)

» » L L Vo 20 other researchers are difficult. Hager
Titne {s) and co-workers reported a detection

. : . limit of 0.006 ppm for Sr in a glass
;’@l Temporal profile of Ti signal f:om the NIST 604 aluminum samfliu) matrix, but their work was per.
| formed with an IR laser with much
v : higher energy (hundreds of ml’s)
4m : and a higher repetition rate (10 Hz).*
’ This approach would result in much
larger quantities being introduced to
the ICP-MS and therefore, at least
partially, explains the much lower

Incensity®® 1§ (counts/s)

~
2
%
L g

| i_

40100 1~ ‘

Z 0

g ’ dctection limit. In addition, it is not
£ s clear whether single-ion monitoring
3 was used (as opposed to multiele-
W s ment scanning) in determining the
E | detection limit, as this can result in
7 pad significant improvements in detcc-

tion limits.
The results obtaincd with our
1 compact laser system indicate that it
00-4— T T - can be successfully coupled with an
o 0 oo e we Tl B ICP-MS to achieve sub-ppm dctec-
Concentration (ppr) — tion limits for analytes in both con-
9(Fic. 3.) Calibration plot for Ti in NIST aluminum standard reference materials. P, ducting and nonconducting matrices.
: /(\’( —— Thc system can be easily set up and
J } 4 provides a potentially uscful and rel-
wv atively incxpensive option for ICP-
MS users.
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Abstract

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was used for the analysis of silicon nitride
ceramic bearings. Since calibration standards are not readily available for silicon nitride as well as many other ceramic
materials, several calibration strategies have been assessed. Solution standards and a National Institute of Standards and
Technology (NIST S&Z[) glass were demonstrated to be useful for the determination of trace and minor constituents in the
bearings. Results for minor bearing constituents were verified with electron probe microanalysis (EPMA). Profilometry and
weight loss measurements indicated that approximately 2 ng of silicon nitride was removed by each laser shot and that the
‘efficiency of the LA-ICP-MS system was approximately 1 ion detected per 500000 atoms removed for the Mg sintering aid

present in these bearings.

Keywords: Inductively coupled plasma-mass sécctrometry; Laser ablation; Ceramics; Silicon nitride; Calibration

1. Introduction

There is considerable interest in using silicon

- nitride (Si3N,) bearings for a wide variety of applica-
tions. Such an interest results from the unique che-
mical and physical properties which these ceramics
possess. In comparison to conventional steel bearings,
silicon nitride bearings offer high speed and accelera-
tion capability because of their low density, extended
temperature capability, longer lifetimes and lower
wear rates, excellent corrosion resistance, and the
ability to operate under conditions of marginal lubri-
cation [1]. This combination of qualities has led to the

*Corresponding author. Fax: 001 352 392 4651; e-mail:
jdwin@chem.ufl.edu.

investigation of silicon nitride bearings for use in high
speed, high temperature applications, such as in the
aerospace industry.

The physical and mechanical properties of ceramic
materials are influenced by trace element impurities
[24]. Therefore, comprehensive trace element char-
ac‘erization, in terms of both the bulk composition and
spatial distribution of elements, is required for ceramic
materials if they are to be used in demanding envir-
onments. Digestion procedures have been used for
ceramics with analysis of the resulting solution by
several techniques, including ICP-AES/MS [5,6] and

¢ Flame AAS [5]. These procedures are difficult and
time consuming, however, and can result in contam-
ination of the sample. In addition, they only provide

0003-2670/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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information on the bulk sample and tell nothing of the
distribution of elemental constituents.

Direct sampling methods are preferred for the
analysis of compact ceramics. Laser ablation is an
effective method for direct sampling and its use in
numerous applications has been reviewed [6,7]. The
laser sampling technique has several advantages,
including little to no sample preparation, ability to
analyze both conducting and non-conducting samples,
atmospheric operation, minimal sample contamina-
tion, high throughput, and the ability to obtain mod-
erate spatial information on the distribution of
elements. When combined with an ICP-MS, the tech-
nique provides excellent detection limits (sub-ppm)
for most elements. '

The major obstacle to the widespread applicability
of laser ablation techniques is the significance of
matrix effects, which arise from the complex nature
of laser—material interactions [8,9]. As a result, matrix
matched standards are often required for reliable

quantitative measurements. In the case of ceramics, -

suitable standards are often not available, resulting in
the need for alternative methods of calibration. Sev-
eral techniques have been reported to overcome the
limitation imposed by matrix-matching, including the
use of fused beads or pelletized mixtures of diluent
and analyte {10], and calibration based on solutions
[11-13].

This paper reports on the development of metho-
dology for reliable quantitative elemental analysis of
silicon nitride ceramic bearings with the LA-ICP-MS
technique. The work is based on the use of both
solution-based calibration and calibration based on
a National Institute of Standards and Technology
(NIST) glass. The results obtained from the two
methods are compared to one another, and with results
obtained by electron probe microanalysis (EPMA). In
addition, we characterized the ablation craters using
both profilometry and scanning electron microscopy
(SEM).

2. Experimental

2.1. Samples and reagent.s;

Silicon nitride bearings (NBD-100 Cerbec, East
Granby, CT) were mounted in epoxy and cut with a

diamond blade wafering saw to obtain a flat surface.
They were then polished to a 1 pum finish. These
sample preparation steps were required for the EPMA
analysis only. Laser ablation analyses could be per-
formed directly on the intact bearing.

For the calibration studies, 2 10 ppm multielement
standard (High Purity Standards Charleston, SC) was
diluted with deionized water and Optima-grade HNO,
(Fisher Scientific, St. Louis, MO) was added to bring
all solutions to 3% HNO;. Concentrations of the
solutions ranged from 1 to 50 ppb. In the glass-based
calibration work, a National Institute of Standards and
Technology glass was used (NIST 611). The concen-
tration of most analytes in the glass is around
500 ppm.

2.2. Apparatus

The inductively coupled plasma mass spectrometer
(ICP-MS) used in this work was a Finnigan MAT
SOLA. Typical operating parameters are given in
Table 1. In these studies, a combined flow of nebu-
lized solution and carrier gas from the ablation cham-
ber was introduced to the ICP at all times. In this way,
identical plasma conditions are maintained whether an

Table 1 )
Typical ICP-MS operating conditions

- Rf power 1200 W
Coolant gas flow rate 15 Vmin
Auxiliary gas flow rate 0.9 V/min
Nebulizer gas flow rate 0.6 ¥min
Ablation chamber flow rate 0.4 Umin
Solution uptake rate 1.0 ml/min
Scan conditions
Faraday scans (major elements)
Scan range per isotope 1 amu
Number of passes 32
Number of channels per amu 16
Dwell time . 64 ms
Multiplier scans (minor and trace elements)
Scan range per isotope (peak jumping) 0.25 amu
Number of passes 128
Number of channels pcr amu 16
Dwell time 4ms




ablation aerosol or calibration solution is being ana-
lyzed. The ICP-MS lens settings and rf power were

tion.

The laser ablation system used in this work was the
Finnigan MAT System 266. The ablation module
consisted of a Nd : YAG laser operating at 266 nm,
with associated optics and a CCD camera for remote
viewing of the sample. It also included an x-y-z
translation stage for adjustment of the laser focus
and selection of the ablation site. The system was
modified for this work by using a separate computer to
control the translation stage. This allowed for transla-
tion of the sample while the laser was repetitively
fired. The laser was operated at 5 Hz with a pulse
energy of 1 mJ and pulse duration of 10 ns. Laser
power density at the sample surface was around
5x10® W/cm?. The sample was translated at approxi-

" mately 15 pm/s to provide a partially fresh surface for
each ablation shot, resulting in larger ablation yields
and more representative sampling. The typical analy-
sis consisted of 300 to 400 laser pulses (6080 s).

Ablation craters were characterized using an Alpha-
Step 500 profilometer (Tencor Instruments, Santa
Clara, CA) and a JEOL 35CF scanning electron
microscope (SEM). For the SEM’s, the silicon nitride
samples were attached to mounts with carbon paint
and coated with AuPd to provide a conductive surface.
EPMA of the silicon nitride bearings was used for
comparison with LA-ICP-MS results. For these ana-
lyses, a carbon coating was used since this resulted in
lower background levels. The work was performed on
a JEOL Superprobe 733.

2.3. Procedure

The solution calibration procedure involved mea-
suring the intensity of a single isotope for each ele-
ment and determining relative sensitivity factors
(RSF’s). The RSF is defined in Eq. (1), where E
represents the element of interest and IS represents
the internal standard.

Sensitivity(E) _ Intensity(E)
Sensitivity(IS)  Concentration(E)
Concentration(IS)
Intensity(IS)

RSF(E, IS)=

0y

optimized using the ' Ag signal from a 10 ppb solu- -
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If (a) the condition of identical plasma conditions is
met whether analyzing an ablated solid or a calibration

- solution and (b) the ablation aerosol is truly repre-

sentative of the bulk ceramic, then RSF’s obtained
from solutions and the ceramic will be equal, i.e.

RSF(E/1S), yu0n = RSF(E/IS) ceramic- @

Provided that the concentration of the internal stan-
dard is known in the ceramic, the RSF’s can be used to
calculate the concentration of analytes from the
expression

. Intensity(E) ..o
Concentration(E) .oy = Emgz(ﬁ))—_f‘
ceramce
Concentration(IS)....amic 3)
RSFsoluﬁon )

Obviously, the major requirement is that the con-
centration of an element in the ceramic iSt¢ be known
and it serves as the internal standard. This can either be
measured by some complementary technique, such as
EPMA, or determined from the stoichiometry of the
sample. In our case, the sample stoichiometry (60%
silicon) was initially used to determine the concentra-
tion of a major constituent, the sintering aid magne-
sium, which was then used as the internal standard in
all subsequent measurements. It would have been
preferred to use a minor isotope of silicon (¥Si or
%0Si) as the internal standard directly; however, large

“interferences occurred at these masses and resulted in

saturation of the electron multiplier detector. Magne-
sium was chosen as an alternative, since it was present
at significant levels (1000 s of ppm) and possessed an
isotopic pattern which allowed for its measurement
using both the Faraday (>*Mg — 79% abundance) and
multiplier *Mg ~ 10% abundance) detectors.

In the comparison of glass- and solution-based
calibration$, Co was chosen as the internal standard
since it was certified in the NIST glass and magnesium
was not. The calibration procedure was similar, i.e.,
RSF’s obtained from the glass matrix were used to
calculate the concentrations of analytes in the silicon
nitride bearing.
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3. Results and discussion

3.1. Qualitative results and evaluation of
methodology

A complete mass scan of the silicon nitride bearings
(NBD 100) used in this study resulted in the identi-
fication of 24 elements. Although no attempt was
made to quantify all of these elements, their estimated
concentrations ranged from the hundreds of ppb level
to thousands of ppm. For comparison, a newer grade of
bearing material (NBD 200) was analyzed and con-
tained much lower levels of impurities, with only the
sintering aid (Mg) having a high concentration
(>100 ppm). Only ten elements were present at high
levels, enough to be detected with our LA-ICP-MS
system. For this reason, the NBD 100 bearings were
chosen for all subsequent work since they provided a
more analyte-rich sample.

~——  FORLA-ICP-MS to be used for bulk analysis of the

ceramic bearings, it was essential that the small sur-
face layer sampled (~5 pum) on the exterior of the
bearing be representative of the bulk material (Fig. 1).
This was tested by analyzing the interior and exterior
surfaces of a cut bearing. The measured concentra-
tions of all analytes were identical within the mea-
surement uncertainty, indicating that the relatively
small volume sampled by laser ablation of the surface
provided information on the bulk specimen.

As mentioned in Section 2, an isotope of magne-

- sium was chosen as the-internal standard for most of

the quantitative measurements. A requirement for the
use of internal standardization for obtaining accurate
results is that the analyte and internal standard be
distributed similarly over the area sampled, and that
they exhibit similar behavior in transport to and
excitation in the ICP. This was tested, albeit on a
limited basis, by measuring the temporal response of

—— 4h€ PMg and 53Cu signal-over a period of 90 s, while

the laser was repetitively fired (Fig. 2). The two
signals correlated very well with one another and

Table 2
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Fig. 1. SEM’s of a laser ablation track in silicon nitride. Fig. 1(a) is
a top view of the track and (b) was taken with the sample tilted at
50°. The depth of the track was estimated by profilometry to be
approximately 5 pm.

- justified the dse of Mg as the internal standard for

quantitative measurements.

3.2. Results from solution- and glass-based
calibrations

Results for the analysis of a silicon nitride bearing
using RSF’s obtained from standard solutions are
given in Table 2. For comparison, results obtained

Results from LA-ICP-MS obtained with solution-based calibration and EPMA analyses

Mg (ppm) Co (ppm) Al (ppm) Ni(ppm) Cu (ppm) Sr(ppm) Mo (ppm) Ba (ppm) La (ppm) Nb (ppm) Y (ppm)

LA-ICP-MS 7180 1420 2230 9 28
EPMA 7300 1300 2400

8.0 12 16 6.9 38 18




i p‘. "...,._.-..nt..,,.““ 1.18’

] { WALl ope gt e
- 4
3
g
,_é, .
2
E
] A r #Cu
— - A . ...'.Dn ¥ L1 A .. .

E ...“‘.""‘.,” “..."'. » '+ l‘..u.,.n anyte

'
Braesesel
14 L"uh' N : 1 L
[1] . 20 30 60 30

Time (s}

Fig. 2. Temporal profiles of Mg and %Cu signals from silicon '

nitride bearing during continuous ablation.

with EPMA are provided for the three most concen-
trated elements (Mg, Co, Al) present in the silicon

nitride. Because of the inferior sensitivity of EPMA,

these were the only elements detectable in the sample

-by this method. The agreement between the techni-
ques was excellent, suggesting that the use of solutions
for calibration is effective for the analysis of ceramic
materials. The precision of the techniques were simi-
lar, with % rsd’s (n=10 for LA and n=5 EPMA)
ranging from 2 to 15%.

In addition to solution-based calibration for silicon
nitride ceramics, we investigated the use of NIST 611
glass as a calibration standard. In this work, a second
bearing was analyzed. Similar to the procedure used
for solutions, RSF’s obtained from the glass sample
were used to determine the concentration of analytes
in the ceramic sample. A smaller number of elements
was used in this work because of the limited number of
certified elements in the glass. In several cases, the
non-certified values provided by NIST were used (Co,
Cu, and Zn). The results are presented in Table 3 and
demonstrate that similar results were obtained for both
solution- and glass-based calibrations.

S.A. Baker et al. /Analytica Chimica Acta 18383 (1997) 1-6 s

The last row of this table represents an extension of
the use of glasses for calibration. In this case, the
absolute analyte sensitivites (intensity/concentration)
from laser ablated glass were used with a correction
factor to account for differences in the ablated mass
between the glass and ceramic sample. The value of
the correction factor was determined by measuring the
28Si from both samples and taking into account the
differences in nominal silicon concentration of the
samples. Not surprisingly, the measured analyte con-
centrations agreed with those obtained by the other
methods.

It would: be beneficial to measure an isotope of
silicon along with the analytes to directly compensate
for variations in ablated mass; however, this was not
feasible in the present system. The use of solutions
produced high background levels (mainly oxides) and
precluded the measurement of #Si and 3°Si with the
multiplier detector. This could be remedied, at least in
part, by incorporating a desolvation apparatus to
decrease the solvent loading; however, this was not

attempted in the present study. Alternatively, indepen- -

dent measurements of ablated mass, such as the use of
acoustic waves generated by the ablation process [14],
or measurement of the scattering signal produced by
the mobilized ablation product [15,16] could prove
useful for the analysis of ceramic materials with glass-
based calibration.

3.3. Measurement of mass removed and system
efficiency

Profilometry and weight loss measurements were
performed on the silicon nitride samples to determine
the amount of material removed by the ablation
process and to determine the efficiency of the LA-
ICP-MS system. As previously addressed, sample
translation during ablation provides more representa-
tive sampling of the surface; however, it also results in
a larger mass removal rate and subsequently higher

Table 3 .~
Results from solution- and glass-based calibrations for silicon nitride

Mn (ppm) Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) Sr (ppm)
Results from solution RSF’s 103 1540 58.5 9.01 9.23 6.84
Results from glass RSF’s 123 1380 65.5 9.61 134 8.78
Results from glass sensitivities 119 1440

63.1 9.26 12,9 845




puls

6 S.A. Baker et al./Analytica Chimica Acta 18383 (1997) 1-6

sensitivities. Profilometry measurements indicated
that the volume ablation rate was nearly double in
“the case of sample translation compared to single spot
“sampling (3 pl/s compared to 1.6 pl/s). These corre-
spond to mass ablation rates of 9 and 5 ng/s, respec-
tively. This is due to the fact that a partially pristine
surface is being ablated by each laser shot with

translation of the sample. The removed masses agreed.

with those obtained by weighing the sample before
and after approximately 50000 laser shots. The
observed ablation rates were used to determine a
system efficiency for the sintering aid Mg (Mg ions
detected/Mg atoms removed) of approximately 1 in
500 000. The efficiency of detection for all analytes is
a function of the ablation process, transport process,
ionization in the ICP, and mass spectrometer response.

4. Conclusions

The use of both solution- and glass-based calibra-

——— tions has been demonstrated for the analysis of silicon

nitride bearings. The results obtained from solutions

were verified with a complementary technique,

EPMA. Use of glasses for calibration provided similar

results to those obtained from solutions and may prove

useful in the future for a wide variety of ceramic
materials. A large number of standard glass materials
are presently available, making them very attractive as
potential calibration materials for ceramics.
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ANALYSIS OF GLASS, CERAMIC, AND SOIL SAMPLES
USING LASER ABLATION INDUCTIVELY COUPLED MASS SPECTROMETRY
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May 1998
Chairman: James D. Winefordner
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Laser ablation (LA) as a direct solid sampling method for inductively coupled
plasma mass spectrometry (ICP-MS) has been used for the analysis of glass, ceramic, and
soil samples. The strength of this technique is that it can be applied to essentially any
solid material and eliminates the need for difficult and time consuming dissolution
procedures. The major limitation of LA-ICP-MS is the presence of matrix effects,
making quantitation difficult in the absence of standards of identical composition.

This work was largely concerned with the development of methodology for
obtaining accurate quantitative results from a variety of solid materials, including glasses,
ceramics, and soils without the need for matrix-matched standards. The use of solution-
based calibration for the analysis of a National Institute of Standards and Technology
(NIST) glass resulted in excellent agreement (typically +/- 10%) with the certified values.

Detection limits were in the sub-ppm range for all elements studied. The solution




calibration technique was also applied to silicon nitride ceramic bearings and the
accuracy of the results were confirmed with X-ray microanalysis. In addition, standard
glass materials were useful in the analysis of ceramics provided that differences in
ablated mass were properly accounted for. To this end, the use of light scattering for
measuring the amount of ablated material was evaluated. Light scattering was effective
for mass normalization provided that the particle sizes of the ablation products were
sufficiently similar.

The use of solution-based calibration for soil samples resulted in poorer
agreement than in the case of glasses and ceramics; however, results were still within a
factor of two of the certified concentration. Studies were performed to understand the
reason for the poorer agreement found with soil samples. It was concluded that
agreement with certified values was assured for these materials only through strict matrix
matching or by using standard additions.

A compact, inexpensive laser was also evaluated for LA-ICP-MS measurements.
It was used for the analysis of glass and aluminum samples and provided low to sub-ppm

detection limits for the analytes studied.
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ABSTRACT

Light scattering is evaluated for normalizing signals in laser ablation inductively coupled
plasma mass spectrometry. The scattering signal produced from the transported ablation aerosol is
measured with a laboratory-constructed cell. The technique is used to account for variations in the
ablated mass within a matrix as well as between matrices. Matrices which are studied include

brass, glass, soil, and Macor® ceramic. It is demonstrated that the technique is useful for

normalizing analyte signals within a matrix; however, it is not as effective as the use of an internal
standard in terms of the precision obtained. The utility of the technique to normalize between

matrices is studied for glass, Macor®, and soil. The results indicate that light scattering is useful

provided that the particle sizes generated are sufficiently similar.

Index Headings: laser ablatidn; ICP-MS; light scattering; normalization; glass; soil; ceramic;

brass.




INTRODUCTION

Laser Ablation (LA) as a direct solid sampling technique for inductively coupled plasma
mass spectrometry (ICP-MS) is becoming increasingly more important in atomic spectroscopy.
Essentially any solid material can be vaporized with a focused, high-powered laser and thus sample

preparation is minimal. The application of the technique has been demonstrated for a wide variety
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of matrices, including metals,'* geological materials,>” biological materials,®'° ceramics,'"'* and
polymers.” In addition to the versatility offered by laser sampling, the LA-ICP-MS technique offers
sub ppm detection limits for most elements.

The technique does have limitations due to the complex nature of laser-material interactions,
which results in an unknown quantity of ablated material with a composition which may or may not
be representative of the bulk material.'* Therefore, normalization techniques are needed to account
for variations in the ablated mass and careful consideration of matrix effects is required if
quantitative results are sought. Several authors have stressed the necessity of matrix matched
standards for reliable results;*’"*> however, this is not possible in many cases. To deal with the
problem, alternative calibration strategies have been assessed. These include the use of fused glass
beads or pelleted mixtures of analyte and diluent,® as well as calibration based on solutions."?

To account for variations in ablated mass and improve the precision and accuracy of laser
ablation measurements, the signal from a matrix element is commonly used as an internal
standard." > %8 13 This works well in terms of precision, provided the spatial distribution of the
internal standard and the analyte are similar and the elements behave similarly in terms of ablation,
transport, and ionization in the ICP. To improve the accuracy of LA-ICP-MS measurements, it is

also required that the concentration of the internal standard be known. In many cases, this

information is not readily available or can vary significantly, such as with many geological materials




and multi-layered ceramics. In such instances, there is a need for independent measurement of the
mass ablated.

Several techniques which independently measure differences in the mass ablated have been
presented."”‘l9 Pang, et al. demonstrated that the acoustic wave generated by the ablation process
could be used to normalize analyte signals in LA-ICP-MS."” Their work resulted in modest
improvements of the precision compared to the non-normalized signals from steel and aluminum
alloy samples. Other work has involved measurements on the mobilized ablation products.
Richner, er al. measured the light loss caused by scattering from ablated material as it passed
through a cylindrical glass tube.'® They reported that normalization of analyte signals from cast iron
samples based on this technique was comparable to the use of an internal standard. Similarly,
Tanaka, et al. used the light scattering signal produced from the transported aerosol to normalize
analyte signals.'® In their work with zirconium alloys, they also reported an improvement in
precision which was comparable to internal standardization.

In the present work, we investigate the use of light scattering for normalization with several

matrices, including brass, glass, soil, and Macor® (Corning Glass Works, Corning, NY) ceramic. It
o t—3 o o

is demonstrated that a simple light scattering system can be used for mass correction for a variety of
materials. This resixlts in improved precision of LA-ICP-MS measurements; however, this method
of normalization is not as good as the use of an internal standard. The major strength of the present
technique is that it does not require any knowledge of the sample homogeneity or concentrations of
elements, and is potentially useful for the accurate analysis of inhomogeneous sample as well as
those for which standards are not readily available. This latter aspect was studied by examining the

effectiveness of the light scattering system for normalization between different types of samples.




EXPERIMENTAL

The laser ablation system used in this work was a Finnigan MAT System 266. This
accessory consists of a Spectron (UK) SL 401 Nd:YAG laser operating at 266 nm with associated
optics and a CCD camera for remote viewing of the sample. It also includes an x-y-z translation
stage for adjusting the focus of the laser beam and selecting the area of sample for analysis. The
LA-ICP-MS system was modified by using a separate computer for contr§1 of the laser and allowed
for translation of the sample while the laser was repetitively fired. Translation of the sample at ~ 15

um/s provided a partially fresh surface for each laser shot, leading to more representative sampling

of the bulk material as well as higher ablation rates. The laser was operated at 5 Hz, with pulse
energies of ~ 0.2 mJ to 1 mJ and pulse widths around 10 ns in duration. The ablation cell used in
this work was a smaller version of the one provided with the instrument and had a total volume of
~ 50 cm’. Ablation products were transported to the ICP-MS through 1.5 m of 3/16” i.d. plastic
tubing.

Typical operating and mass scanning conditions for the ICP-MS (Finnigan MAT SOLA,
UK) are listed in Table I. A “wet plasma™ was used in this work. meaning that a combined flow of
nebulized solution blank and laser ablation products were combined at the base of the ICP torch.'?
We have found thth this results in increased sensitivity by a factor of ten or more and precision is
improved, on average, by a factor of two compared to dry plasma operation. Although a lower flow
rate from the ablation chamber produced a more disperse collection of particles and subsequently
lower scattering intensities, it was representative of typical conditions used in this laboratory for the
quantitative analysis of materials by LA-ICP-MS.

The scattering cell, which is illustrated in Figure 1, was placed in-line with the transport

tubing. It was placed approximately 0.5 m from the ablation chamber. The body of the scattering




cell was a 4-way Swagelok®(Crawford Fitting Co., Solon, OH) connector with a 1.5 mm hole drilled
in the top for measurement of the particle scattering at 90°. Smaller angle viewing would result in

higher scattering intensities, but the present arrangement was chosen for its simplicity. Windows of
the scattering cell were mounted at Brewster’s angle on 3 cm extension arms made of stainless stee]
tubing. The arrangement produced less stray-light scatter from the windows and interior of the cell.
A 3 mW polarized HeNe laser (Aerotech, Inc., Pittsburgh, PA) operating at 632.8 nm was used as
the scattering source in these measurements. To improve the quality of the output beam, the laser
was spatially filtered before the scatter cell with an adjustable iris.

An end-on photomultiplier tube (R647, Hamamatsu Photonics K.K., Japan) was used to
collect the scatter produced as the ablation aerosol passed through the cell. The entire scatter
assembly was enclosed in a light-tight box. An altenative arrangement, which would eliminate the
need for darkness, would be the use of an interference filter which §vould transmit only a very
narrow region of light centered at the HeNe wavelength. Signals from the PMT were amplified by a
current to voltage amplifier (Keithley Instruments, Inc., Cleveland, OH) with a gain of 10° V/A and
arise time of 100 ms. The arriplifier output was fed to a computer interface module (Stanford
Research Systems, Inc., Palo Alto, CA) which was triggered at 100 Hz. Normalization
measurements were made by integrating the scatter signal over a given number of shots, as well as
averaging the “steady-state” level produced during continuous ablation of translated samples for a
total of 200 shots (40 s).

NIST standard reference materials of glass (611, 612, 614, and 617) and brass (c1101, 1102,
c1109, c1110) were used in assessing the utility of the scattering system for normalization of analyte
signals within a particular matrix. In the glass samples, the 8sr isotope was measured with the ICP-

MS as well a minor isotope of a major matrix constituent (**Ca) in order to compare the results from




scatter normalization with those obtained by internal standardization. The concentration of Sr in the
glasses ranged from 41.72 ppm to 515.5 ppm. For the brass samples, the *Zn isotope was
measured. Concentrations of Zn in these standards ranged from 15.2 % to 30.3 %. In the inter-

matrix studies, NIST 611 glass, NIST 2704 soil, and a Macor® ceramic disc were used. The soil

samples were pressed into pellets, without the addition of a binder at a pressure of 5000 psi, for
laser ablation analyses. In these studies, the 25i isotope was measured since silicon is the major
matrix element in each of the matrices.

The nature of the particulates produced from laser ablation of glass, soil, and Macor® was
studied by collecting ablated material on 0.3 um membrane filters (Millipore Corp.. Bedford, MA).

Because of the significant pressure drop created with the in-line filters, it was necessary to use a
vacuum pump on the back side of the filter to eliminate flow restrictions. Flow conditions, identical
té those used in the normalization experiments, were achieved by adjusting the pump valve and
measuring the Ar flow rate with a rotameter. After collection, filters were glued onto mounts with
conductive carbon paint and coated with AuPd for examination with a scanning electron microscope
(JEOL 335CF, Japan).
RESULTS AND DISCUSSION
Scatter Signal Normalization and Comparison with Internal Standardization

Initial experiments with the scattering system were performed to determine if the scattering
signals correlated with signals from the ICP-MS. Figure 2 illustrates typical (a) scatter and (b) mass
spectrometric signals obtained from 50 laser shots on NIST 611 glass. It should be mentioned that
the actual transit time for the scattering cell is ~1 s and ~3 s for the ICP-MS. The large number of
spikes present in the scatter signal was assumed to be due to larger particles passing through the

scatter cell based on visual observation. To evaluate the efficiency of the system in detecting




changes in the mass removed, ablation was performed with different laser energies and focus
positions. The total difference in the mass ablated over these conditions ranged over approximately
one order of magnitude. A plot of the average scatter and 2*Si mass signals (Figure 3) demonstrated
that the two signals were highly correlated (R = 0.98). In this example, differences in the mass
ablated were generated by changing the laser sampling parameters (i. . focus and pulse energy);
however, these differences occured naturally over the series of glass standards under identical
sampling conditions. This was probably due to differences in the surface characteristics of the
glasses, since they were all completely opaque at 266 nm. Similar behavior has been reported by
Mermet and co-worker in the laser ablation of glasses with a 266 nm Nd:YAG.%

In the absence of normalization, differences in the mass ablated between the samples would
not allow small changes in analyte concentration to be detected. This is illustrated by a series of
calibration curves for Sr in NIST glasses (Figure 4), where in (a), the non-normalized analyte signals
are plotted; in (b), the scatter normalized signals are used; and in (c), the analyte signals> are
corrected by an internal standard (**Ca). Without the use of normalization by scattering or internal
standardization, a linear regression R value of 0.77 was obtained. R values obtained with the
normalization techniques were both greater than 0.999. The precision of the scatter normalized
measurements for 5 replicates and 200 laser pulses/replicate (5-12 % rsd) was not as good as those
obtained with an internal standard (3-6 % rsd); however, the use of the former is not limited to
homogeneous samples or those in which a suitable internal standard is available. This includes
samples where the major matrix constituents do not have a minor isotope, resulting in ion intensities
which would saturate the multiplier detector, or the isotope is interfered with from a sample
consituent or some background species. The precision of the non-normalized signals ranged from

5-19 % rsd.




Precision of the scatter normalized measurements was slightly worse than that reported by

Tanaka, et al.¥’?

, although a direct comparison cannot be made because in the present work, a low
energy UV laser was used for ablation; while in their work, a 150 mJ Nd:YAG operating at 1064 nm
was used to ablate zironium alloys. This should result in significantly larger quantities being
ablated, although the mass of material removed was not reported.

Although the main focus of the present work was to evaluate the effectiveness of scatter
normalization with nonconducting matrices, NIST brass samples were also analyzed. Figure 5
demonstrates the use of scatter normalization for the calibration of Zn in these standards. The
calibration plot exhibits a higher degree of correlation when the ®Zn was corrected by the measured
scatter signal (R = 0.999) as shown in (b) than when the analyte signal alone was plotted (a) (R =
0.94). Precision of the measurements was 6-11 % rsd (n=5, 200 pulses/measurement) for the
normalized signals and 8-20 % rsd for the non-normalized values. Not only did the use of light
scattering improve the precision of the measurements within a given sample, but it accounted for the

different masses ablated between samples as evidenced by the improved fit of the regression line.
Comparison of Scatter Normalization for Glass, Soil, and Macor® Ceramic.

A comparison of glass, soil, and Macor® was made to assess the utility of the scattering
system for corrections of mass ablated between these matrices. This was initiated, in part, by the
desire to use glass standards for the calibration of ceramic materials. Results from this laboratory?'
suggest that NIST glasses may be suitable for the accurate analysis of some ceramics provided that
differences in the ablated mass of the materials are accounted for. In the present work, a glass

(NIST 611), soil pellet (NIST 2709), and Macor® disc were ablated to investigate the relationship

between mass removed and scattering signal.




Correlation plots, similar to Figure 3, are shown in Figure 6 for the three different matrices.
In this figure, the MS signals are normalized by the amount of silicon present in the samples to
allow for a direct comparison of the matrices. Changes in the mass ablated were achieved by
varying the energy of the laser. Slightly higher laser energies were used for the Macor® sample,
since a smaller quantity of material was ablated for a given energy compared to the glass and soil
samples. The laser energy ranged from 0.2 mJ to 1 mJ. Correlation between the scatter and MS

signals was good for the glass (R = 0.94) and Macor® (R = 0.96) samples, but slightly worse for the

soils (R = 0.88). Most importantly, the plot indicates that the scattering signal effectively accounted
for differences in the mass ablated between the glass and cerafnic samples as evidenced by the
proximity of the data points for these materials. The similar scatter-MS signal relationship of glass
and Macor® is more clearly illustrated in Figure 7, where a single regression line can be drawn
through the set of data points with an R = 0.97. The scatter-MS signal relationship was signiﬁ.cantly
different for the soils. In this case, a larger scattering signal was produced per unit of matrix
removed, which resulted in the soil data points lying closer to the scatter axis.

The nature of the particulate matter produced from ablation of these materials helped explain
the experimental rqsults. Scanning electron micrographs (SEM’s) of the collected particles are
shown in Figure 8. The pictures clearly demonstrate that the particles produced from (a) glass and
(b) Macor® were both smaller and more similar than those from the (c) soil samples. The similarity
in particle sizes for these matrices allowed for effective mass correction based on the scattering
signal. The larger particle sizes produced from the soil sample resulted in a significantly different
Scatter-MS signal relationship. This difference was not surprising; however, the larger soil

particles, to a first approximation, should have produced a smaller scatter signal per unit mass
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compared to the other matrices. The opposite behavior that was observed in this study was most
likely due to the fact that the larger particles the scatter cell “saw” were not efficiently transported to
the ICP and would therefore not contribute to the MS signal. This is a limitation of the present
system and could be alleviated by placing the scattering cell closer the ICP torch, resulting in a more
representative view of the material introduced to the ICP-MS.

Figures 9 (a-c) are higher magnification images of particles collected for glass, ceramic, and

soil, respectively. Most of the particles produced from glass and Macor® were nearly perfect

spheres. These were formed by cooling of liquid material and suggested that the bulk of the ablated
material was melted and then explosively removed from the s-ample.?'2 Angular particles were also
produced as a result of the mechanical and thermal shock of ablation, as well as a small amount of
amorphous material which was most likely condensate from the gas phase. Such particle
classifications have been described by other researchers as well. >3 The ablation product from soil
was dominated by larger particles which resulted from mechanical and thermal shock, although each
class of particle was seen. The greater presence of large particles was reasonable since these pressed

pellets did not possess the mechanical rigidity of the glass and Macor® samples.
Weight loss measurements were performed for the glass and Macor® samples to verify that

the mass ablated agreed with the experimental results. The samples were weighed before and after
40,000 laser shots at a laser pulse energy of 1 mJ. The average mass ablated for glass and Macor®
was 16 ng/shot and 6.1 ng/shot, respectively. This agreed reasonably well with the scattering
signals produced for ablation at this laser energy, and demonstrated that the scattering system was

capable of measuring relatively small quantities of ablated material passing through the scatter cell.
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Scattering sensitivity could be improved with a smaller observation angle and/or a shorter
wavelength laser; however, the present system was sufficiently sensitive and easily set-up.

A simple measurement was made to assess whether matrix effects were significant between
the glass, Macor®, and soil samples. Aluminum, which is a % level constituent in each sample, was
measured in addition to silicon for each matrix. The RSF’s (Al/Si) (defined in equation 1) obtained
for the glass and Macor® were identical (RSF = 2.30), while soil produced a significantly different
value (RSF = 3.40).

Intensity(Al) . Concentration(Si)
Concentration( Al) Intensity(Si)

() RSF(Al/ Si)=

This illustrated that matrix effects may not be significant between the glass and Macor® ceramic,
suggesting the possibility of ceramic analysis using glasses for calibration.
CONCLUSION

The use of scattering for LA-ICP-MS signal normalization has been demonstrated for a
variety of matrices. For measurements between matrices, it is important that the particle sizes
generated by ablation be similar, as was demonstrated for glass, Macor®. and soil samples. The use
of this technique is not as effective as the use of an internal standard in terms of the precision
obtained; however, it requires no a priori knowledge of the sample heterogeneity or elemental
composition. It provides a normalization alternative when a suitable internal standard is not
available and may be useful for accurate analysis of ceramic materials based on glass standard

reference materials.
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FIGURE CAPTIONS

Fig. 1 Schematic of the light scattering set-up ((a) top view and (b) side view).

Fig. 2 Plots of (a) scatter and (b) mass spectrometric signals obtained from 50 laser shots on glass
surface.

Fig. 3 Correlation plot of mass spectrometric and scatter signals from NIST glass.

Fig. 4 Calibration plots for Sr in NIST glass samples (a) without normalization, (b) with scatter
normalization. and (c) with internal standardization.

Fig. S Calibration plots for Zn in NIST brass sample (a) without normalization and (b) with scatter
normalization.

Fig. 6 Correlation plots of mass spectrometric and scatter signals from glass, macor, and soil
samples.

Fig. 7 Correlation plot of mass spectrometric and scatter signals for glass (M) and macor (®)
samples.

Fig. 8 Scanning electron micrographs of particles collected for (a) glass, (b) macor, and (c) soil.
(Bar represents 10 um.)

Fig. 9 Higher magnification images of (a) glass, (b) macor, and (c) soil particles. Note difference

in the scale for soil (Bar represents 1 pm in (a) and (b); 10 pm in (c).)
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Table I. ICP-MS Operating Conditions

Rf Power 1200 W
Coolant gas flow rate 15 L/min
Auxiliary gas flow rate 0.9 L/min
Nebulizer gas flow rate 0.6 L/min
Ablation chamber flow rate 0.4 L/min
Solution uptake rate 1.0 mL/min

Scan Conditions

Faraday Scans (Major elements)

Scan range per isotope 1 amu
Number of passes 32
Number of channels per amu 8
Dwell time 64 ms

Multiplier Scans (Sr & Ca in glass)

Scan range per isotope 1 amu
Number of passes 256
Number of channels per amu 8
Dwell time 4 ms
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Wear and Fatigue Damage in Ball-on-Rod Rolling Assessed with
Steel/Steel, Steel/SizN4 and SizN4/SizNg Contacts

Luen-Yuan Chao and Dinesh K. Shetty
Department of Materials Science and Engineering
University of Utah
Salt Lake City, UT 84112

Abstract

The wear rates, life cycles and fatigue damage in rolling-contact fatigue tests of
two bearing-grade silicon nitride materials and two bearing steels (M-50 and AISI-52100)
were examined in oil-lubricated conditions. Tests were performed using a three-ball-on-rod
rolling contact fatigue tester. Specific materials combinations for the balls and rods were
AISI-52100 steel versus M-50 steel, AISI-52100 steel versus silicon nitride (I) and silicon
nitride (IT) versus silicon nitride (I), respectively. The wear volume loss was assessed using
the profilometer and weight measurement techniques. Morphologies of the worn surfaces
were characterized using scanning electron microscopy. In the case of AISI-52100 steel in
rolling contact with M-50 steel, fatigue lives were controlled exclusively by spallings of the
rods. At a contact stress of 5.4 GPa, linearized Weibull plots of the fatigue lives indicated a
Weibull slope of 2.27 and Ly (the estimated life cycles at the failure probability of 0.1) of
3.9 million stress cycles. In the case of AISI-52100 steel in rolling contact with silicon
nitride (I), two types of surface finish were employed for the silicon nitride (average
roughness Ry = 0.18 pm and 0.08 um). When the silicon nitride with higher surface
roughness was used, fatigue lives were controlled by the wear on the steel balls and the rods
showed negligible wear and a polished surface. The volume loss of the balls was found to
be linearly proportional to the number of stress cycles. When the silicon nitride with the
lower surface roughness was used, fatigue lives were determined either by ball failures or
suspensions of the tests at one hundred hours. Both the silicon nitride rods and the steel
balls suffered negligible wear in this condition. In the case of silicon nitride (II) in rolling
contact with silicon nitride (I), wear behaviors were examined at three different contact stress
levels (4.5, 5.5 and 6.5 GPa). Wear losses of the rods and the balls were measured as a
function of the stress cycles by suspending tests at different durations. For all the




function of the stress cycles by suspending tests at different durations. For all the
conditions, the initial wear rates were high, then steady-state wear rates accompanied by

constant surface morphologies on the contact surfaces followed.

I. INTRODUCTION

With the increasing need for energy conservation and adoption of new design
features of bearing components in aerospace, nuclear and automotive industries, rolling
bearings are now required to service at higher temperatures and higher speeds in order to be
more efficient. To satisfy the requirements of these applications, the rolling elements must
have sufficient dimensional stability, and oxidation and corrosion resistance to maintain close
tolerance and stable operation over long periods in service. Traditional bearing steels, limited
by their high temperature hardness, are not qualified for such applications. As a result, over
the past three decades research has focused on investigating the feasibility of using structural
ceramics as bearing elements[1-7]. |

Of various structural ceramics evaluated to date, s&licon nitride (Si3Ny) appears to
be the most promising material because of its excellent tribological (friction and wear)
properties and ability to be processed to near defect-free condition(8,9]. From reaction-
bonded and pressureless sintered silicon nitrides to hot-pressed silicon nitride in the 1980s,
the rolling contact fatigue and wear resistance of silicon nitride had been continuously
improved and eventually became better than those of the bearing steels through controlled
processing and microstructure tailoring. “To date, the state-of-the-art bearing-grade silicon
nitride materials, fabricated by direct hot-isostatic-pressing (HIPing) or pre-sintering and
post-HIPing techniques, have even supcﬁor rolling contact fatigue and wear resistance than
the hot-pressed silicon nitride. With controlled surface finish, current bearing-grade silicon
nitride materials provide low coefficients of friction under marginal lubricating conditions.
Bearing-grade silicon nitride materials are now employed in hybrid bearings in the form of
rolling elements[9] and are being designed in the form of all-ceramic bearings for gas-turbine
engines[10].

Successfully employing silicon nitride in advanced bearing applications requires
complete understanding of the fatigue and wear properties of silicon nitride. Investigations
of such properties of silicon ritride have been conducted in both sliding- and rolling-contact
conditions. Most experiments focus on investigating the effects of controlled variables (the




mating materials, load, temperature, etc.) on the wear behavior and fatigue lives of silicon

nitride.

In sliding contact, Fischer and Tomizawa[11,12] investigated the friction and
wear of Si3Ny sliding on itself in various dry and humid environments. In dry atmospheres,

wear occurred by micro-fractures. In humid environments, wear occurred predominantly by

tribochemical reaction associated with the formation of a soft, amorphous, surface layer of

Si0O,, the friction coefficient was influenced by the sliding speed, load and temperature.
Jahanmir and Fischer[13] investigated the sliding friction and wear of silicon nitride under
hydrocarbon lubricants (hexadecane and hexadecane with stearic acid), the friction
coefficients and wear rates in those conditions were much lower than in humid air and water
environments, which suggested tribochemical reaction was strongly affected by the existence
of hydrocarbon at the interface. Sutor[14] studied the wear behaviors of silicon nitride
sliding against itself and against M-50 steel at different temperatures and loading conditions,
oxidation was found to be an important factor for the wear of both M-50 and Si3N4. At high
temperatures, the Si3N4/M-50 Steel contact had lower friction and wear rate than the
Si3N4/Si3Ny contact due to a lubricating effect of the metal oxides. The damage and surface
morphologies of Si3N4 in sliding contact at different environments were discussed by
Kimura et al.[15]. Recently, the effects of load and temperature on the wear and friction
coefficient of SigN, were systematically studied by Dong and Jahanmir{16], and a transition
diagram was suggested.

In rolling contact studies, most investigations, in the early days, mainly focused
on evaluating the rolling contact fatigue lives of different grade silicon nitride materials and
demonstrating the feasibility of using silicon nitride as a bearing material[5-7]. Systematic
studies on the wear behaviors of silicon nitride were limited. Kim et al.[17] investigated the
wear behavior of Si3N4 in dry rolling contact using a rotating ring-on-ring tester. They

~observed that the wear rate and wear coefficient increased with increasing load and the wear

volume increased proportionally to the number of revolutions. Akazawa and Kato[18]
investigated the wear particles of Si3Ny in dry rolling - 1% sliding contact using a similar

apparatus. Their results indicated that the wear particles of Si3N, were rich in oxygen and -

silicon, and suggested them to be SiO,, the size of the wear particles depended on the
roughness of the contact surfaces. Lucek([19] used a three-ball-on-rod rolling contact fatigue
tester to evaluate the fatigue lives and wear loss of various materials. The HIPed silicon
nitride showed the longest fatigue life and least amount of wear as compared to M-50, sialon
and hot-pressed silicon nitride. Factors that affecting the rolling contact fatigue life of silicon




nitride were discussed by Nishihara et al.[20], fatigue lives were mainly controlled by
spallations in a similar pattern of bearing steels. Spallation of silicon nitride could initiate
from microstructural defects such as, pores, metallic inclusions and agglomerates, surface
cracks generated during grinding could also produce surface failures during rolling contact.

According to the above literature review, it is clear that information on the wear
behavior including wear rate and wear mechanism of SizNy in rolling contact is limited.
Systematic studies on this subject are essential for generalized and reliable applications of
silicon nitride employed rolling bearings. The present paper discusses the results of a recent
effort to study the fatigue lives, wear and surface morphologies of two silicon nitrides and
two bearing steels when they are in rolling contacts. Experiments were conducted using a
three-ball-on-rod rolling contact fatigue tester. Specific contacts include: (1) bearing steel
(AISI-52100) versus bearing steel (M-50), (2) bearing steel (AISI-52100) versus a pre-
sintered and post-HIPed Si3N4 and (3) a direct HIPed Si3Ny versus a pre-sintered and post-
HIPed Si3Ny.

II. - EXPERIMENTS
(1). Test Materials

Rolling contact fatigue tests were conducted using four different materials, two
bearing steels and two silicon nitride materials. The two bearing steels are M-50 tool steel
and AISI-52100 high-carbon chromium steel. Table 1 lists several selected material
properties of the four materials. The M-50 steel was obtained in the form of rods, 9.52 mm
in diameter and 76.2 mm in length. Surface of these rods was prepared by a three-step
grinding procedure and finished with 600 grit diamond wheel. The average roughness (R,)
of the finished surface was measured to be 0.18 pm. The AISI-52100 bearing steel was
obtained in the form of balls with their surfaces both finished and deliberately roughened.
The average roughness of the finished balls and roughened balls are 0.013 pm and 0.089
Hm, respectively.

The two silicon nitride materials investigated in this study are the state-of-the-art
bearing grade materials, one is a pressureless sintered and post-HIPed silicon nitride with
Y503 and Al,O5 as the sintering additives$, this material is designated as material I in this

§ Grade TSN-03NH, Toshiba Corp., Japan.




paper; the other is a direct-HIPed silicon nitride with MgO as the sintering additive¥, this
material is designated as material II in this paper. Figures 1(A) and 1(B) show the
microstructures of the two ceramics, elongated 3-Si3N4 grains can be seen in both materials.
The average grain sizes are submicron in both although the sintered and post-HIPed silicon
nitride has a slightly higher aspect ratio than the direct-HIPed silicon nitride. Material I was
obtained in the form of rods with 76.2 mm (3-in) in length and 9.7 mm in diameter with a
rough ground surface. Material II was obtained in the form of balls with a polished surface.

(2). Rolling Contact Fatigue Test _ o

Experiments were performed on a three-ball-on-rod rolling-contact fatigue (RCF)
tester. Figure 2 shows schematically the geometry and rolling condition of the test, the
design features and testing procedures of this tester have been described by Glover[21]. The
cylindrical specimen, 76.2 mm (3-in) in length and 9.5 mm (0.375-in) in diameter, is held
vertically by a precision collet. Three balls, 12.7 mm (0.5-in) in diameter, are equally spaced
by a bronze retainer (which is not shown in the figure) and are radially loaded against the
cylindrical specimen through the thrust loading of the two tapered bearing cups. The thrust
load on the bearing cups is applied by mechanically forcing the upper cup towards the lower
cup against three pre-calibrated coil springs associated with the asserbly.

The collet and the specimen are rotated by an electric motor mountcd in line with
the specimen below the tester bench. The three balls are, in turn, driven by the rod and rotate
around the rod at a lower speed. A synthetic lubricant with standard specifications, Mil-L-
23699, was used in the tests$. Lubricant was supplied by drip feeding onto the top of the
rod. Dripping rate was controlled at about 10 drops per minute. A vibration detector coupled
- with a shutdown device was used to monitored the vibration of the assembly. When a preset
vibration level was exceeded, the motor was automatically stopped.

The three-ball-on-rod RCF tester was designed to efficiently generate rolling-
contact fatigue data and compare the fatigue performance of various materials. For example,
Lucek[19] have used this tester to evaluate the rolling contact fatigue lives and wear
behaviors of different materials including M-50 steel, sialon, hot-pressed and direct HIPed
SizN4. An important feature of this tester is that since the applied load is pre-calibrated
according to the original dimensions of the rod and balls, for materials which suffer from

{ Grade NBD200, Cerbec Inc., CT, USA.
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wear during test, the contact stress decreases as the wear volume increases{19]. This feature
may affect the kinetics of the wear behaviors of the rolling elements.

(3). AISI-52100 Steel (Ball) versus M-50 Steel (Rod)

The first set of tests was conducted using M-50 steel as the rod material and AISI-
52100 steel with roughened surface as the balls. The fatigue life data obtained in this series
of tests provided the performance of the state-of-the-art bearing steel as a reference. The
fatigue life and wear behavior of silicon nitride materials were, thereafter, compared to those
of the bearing steels. The initial Hertzian contact stress was selected to be 5.4 GPa.

(4). AISI-52100 Steel (Ball) versus SisNy, I (Rod)

| The second set of tests was conducted using the silicon nitride material I as the
rod and AISI-52100 steel as the balls. For the silicon nitride, two types of surface finish
were employed. In the first type, the surface was ground according to.the same procedure as
employed for M-50 steel, this resulted in a surface roughness (R,) of 0.18 pm. In the
second type, the surface was further lapped to an average roughness of 0.08 um. For the
balls, both the finished and roughened balls were used in rolling contact with the two types
of silicon nitride. The initial Hertzian contact stress was calibrated to be 5.5 GPa.

(5). SigNy, II (Ball) versus Si3Ny, I (Rod)

The third set of tests was conducted using the silicon nitride material I as the rod
and silicon nitride material II as the balls. The combination of the rolling element and the
material was based on the availability of the material in the required geometries. For the rod,
the silicon nitride material I with the as-ground surface was used. The silicon nitride balls,
on the other hand, was obtained in the finished state with an average surface roughness of
0.005 pm. Rolling contact fatigue tests were conducted at three different stress levels, 4.5,
5.5 and 6.5 GPa. Studies focused on the wear and fatigue damage of the two materials,
wear volume loss and surface morphology was monitored as a function of stress cycles by
suspending tests at different durations. - |

(6). Cleaning Procedure for the Tested Rods and Balls

To remove the remaining grease on the rolling elements after test, the following
procedure was employed. The elements were first ultrasonically cleaned in hexane for ten
minutes, the ultrasonically cleaned elements were then rinsed in fresh hexane for five
minutes, the balls and rods were finally rinsed in acetone for one minute and dried. Scanning
electron microscopic examinations indicated that this procedure was satisfactory.
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(7). Assessment of the Wear Volume Loss

The wear volume loss of the rods was assessed using two techniques. In the first
technique, the surface profile of the wear track on the rod was measured with a profilometer
perpendicular to the rolling direction. Wear volume was calculated by multiplying the
enclosed area of the valley with the diameter of the rod. Three profiles were measured on
each track at approximately 120° apart, the average cross-sectional area was used. In the
second technique, the weights of the rods or the balls were measured before and after the test
to obtain the weight loss of each element, the wear volume loss was calculated from the
weight loss using the densities of the materials. Comparison of the results obtained from the

two methods will be presented in a later section.

III. RESULTS AND ANALYSIS
(1). Rolling-Contact Fatigue Lives of M-50 Steel (Rod) in Rolling Contact with AISI-
52100 Steel (Balls)

Figure 3 shows the linearized Weibull plots of the fatigue lives of M-50 steel in
rolling contact with roughened AISI-52100 balls. In this series of tests, fatigue lives were
exclusively determined by spalling of the rods, weight measurements and surface profiles of
the wear tracks indicated that wear volume losses on the rods and balls were both very small.
Figure 4 shows the scanning electron micrographs of two typical spalls of M-50 steel. In the
two micrographs, the rolling direction is indicated by the arrows. A two-parameter Weibull
distribution function was used to fit these data, which resulted in a Weibull slope of 2.27
and Lo (the estimated stress cycles at the failure probability of 0.1) of 3.9 million stress
cycles.

(2). Fatigue Lives and Wear of Si 3N4, I (Rod) in Rolling Contact with AISI-52100 Steel
(Balls)

In the condition of SizNy in rolling contact with steel balls, results are discussed
in two categories. In the first category, the silicon nitride rods used had a as-ground surface
(i.c. R =0.18 um). Totally sixteen tests were conducted, eight tests were performed using
the steel balls with the polished surface (R, = 0.013 pm) and the other eight tests were
performed using the roughened steel balls (R, = 0.089 pm). All sixteen tests were stopped
by the automatic shutdown device due to excessive vibration. Fig. 3 shows the linearized
Weibull plots of these data in comparison with the dara obtained from M-50 steel. Since the
lifetime durations of those tests using the polished balls and of those tests using the
roughened balls were very similar, these data were mixed and statistically ranked together..
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Results of the weight measurements indicated that the weight loss of the balls was significant
in every test and the weight loss of the silicon nitride rod was, however, too small to be
measured. Therefore, the excessive vibration was probably due to the excessive uneven
wear on the steel balls. This was further confirmed by the surface profiles on the wear track
obtained from profilometer measurements and observations of the worn surfaces under the
scanning electron microscopy. The surface profile measured in the direction perpendicular to
the wear track on the rod showed no indication of wear, but profiles on the balls indicated
that the balls were significantly flattened out on their rolling orbits. Figures 5(a) and 5(b)
show the scanning electron micrographs of the original surface of a rdughcncd steel ball and
the worn surface after rolling contact with silicon nitride for 23.2 hours (the longest one,
corresponds to ~ 11.97 million stress cycles). It is evident that the original surface feature
caused by the roughening procedure has been completely removed by the rolling motion and
the worn surface reveals significant plastic deformation. '

In the second category, the silicon nitride rod used had a lapped surface (i.e. Ry =
0.08 um). Six tests were performed, three tests with the roughened steel balls and three tests
with the polished steel balls. For the three tests with the roughened balls, the durations (28 ~
66 hours) are all longer than those of the tests in the first category, all three tests were
stopped due to spallings occurred on one of the three balls. For the three tests with the
polished balls, two of them were suspended at 100 hours, and one test was stopped due to
spalling occurred on one of the balls. For comparison, the six data are also plotted in Fig. 3
along with the 16 data in the first category. Weight measurements, surface profiles and

scanning electron microscopic examinations all indicated that both the steel balls and silicon - -

nitride rod suffered from very minor and negligible wear from these tests. Figure 5(c) shows
the worn surface of a roughened steel ball after rolling contact with the lapped silicon nitride
for 28.1 hours (~ 14.5 million stress cycles), the surface feature shown in Fig. 5(c) is close
to the feature of the original surface, i.e. Fig. 5(a), but smoother (more like it has been
further polished). However, the surface morphology of Fig. 5(c) is very different from the
morphology shown in Fig. 5(b) which has been in rolling contact with the as-ground silicon
nitride for comparable number of stress cycles and suffered significant wear.

For all tests in the above two categories, the weight loss of each steel ball was
converted to the volume loss using the density of the ball (see Table 1). Within each test, the
average volume loss the three balls was calculated and plotted in Figure 6 as a function of the
stress cycles. It is clear that the difference in the wear behaviors of the steel balls of the two
categories is significant. When the steel balls are in rolling contact with a silicon nitride
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having higher surface roughness, the balls wear rapidly and the volume loss is almost
proportional to the number of stress cycles. On the other hand, when the steel balls are in
rolling contact with a silicon nitride having low surface roughness, the steel balls suffer from
negligible wear. In the meantime, it is interesting to note that disregarding the surface
roughness of the silicon nitride, the wear behavior of the polished and roughened steel balls
appeared to be the same. This is probably due to the fact that silicon nitride has much higher
hardness than that of AISI-52100 steel and, therefore, the surface roughness of the steel balls
has very small influence on the wear behavior of such combination.

(3). Wear and Fatigue Damage of Si3Ny, I (Rod) in Rolling Contact with Si3Ny, I (Balls)

Fatigue-life distributions of the two bearing-grade silicon nitride materials when
they were in rolling contact against each other under the designed contact stresses were not
assessable within a practical time frame. This is probably because that fatigue lives of silicon
nitride are typically determined by spallings which initiated from microstructural defects, and
the two silicon nitride materials being investigated, fabricated with controlled and improved
processing techniques, have achieved almost defect-free condition. Therefore, experiments
were designed to focus on studying the wear and surface morphologies after rolling contact
fatigue as a function of stress cycles.

It is the objective to conduct fatigue tests at three different stress levels (4.5, 5.5
and 6.5 GPa). To date, rolling contact fatigue tests have been conducted under two contact
stresses, 5.5 and 6.5 GPa. In both conditions, wears on the rods and balls were evident
from both weight measurements and surface profiles of the wear tracks. A typical surface
profile of the wear track on a silicon nitride rod is shown in Figure 7. Similar pattern of the
profile has been reported by Lucek{19]. The volume loss of the rod calculated from surface
profiles are compared to the volume loss calculated from the weight measurements in Figure
8. It can be seen that the agreement between the two sets of data is very good, which
indicates that the volume loss estimated from either of the two methods is reliable. It was,
however, due to the following two reasons that the weight measurement technique was
selected to be used for further analysis: (1) it was found that the shape of the profile, the
maximum depth and the cross-sectional area slightly varies at different locations within each
track, which implied that the wear was not exact uniform along the entire track and (2) the
volume loss of the ball is not easy to calculate form the surface profile.

Figure 9 shows the wear volume loss of the silicon nitride rod as a function of
stress cycles at two different contact stresses (5.5 and 6.5 GPa). . At each condition (i.e.
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stress cycles), two tests were performed and only the average volume loss is plotted in this
figure. The data obtained at the contact stress of 6.5 GPa indicated that the wear rate of the
rod was initially high and tl:en reached a steady state where the wear rate was small. AtS5.5
GPa, the data are not complete yet. However, it can be seen that the wear volume loss is less
than that at 6.5 GPa.

Figure 10 shows the wear volume loss of the silicon nitride balls as a function of
stress cycles measured from those same tests as indicated in Fig. 9. Since there were three
balls per each test, totally six balls were involved at each condition. The average volume loss
and the standard deviation at each condition are plotted. At 6.5 GPa, the wear behavior of
the balls reveals the same trend as of the rod, the wear rate was initially high and then a

steady-state wear followed.

The surface morphologies of the rod and the balls after rolling contact were
examined using the scanning electron microscopy. Figures 11(a) and (b) show the surface
morphology change of the silicon nitride rod, the surface morphology shown in Fig. 11(a) is
the original as-ground surface, the grinding grooves with their widths in the range about 1 ~

2 um can be seen. Fig. 11(b) shows the worn surface after rolling contact with the silicon

nitride balls at 5.5 GPa for 100 hours, the grinding grooves were all disappeared but left a
polished surface. The worn surface also has somewhat similar features of a etched surface
where the -Si3Ny grains can be roughly seen and certain amount of the grain boundary
phase has been removed. The worn surface in Fig. 11(b) also suggestes that plastic
deformation have occurred during rolling contact.

Figures 12(a) and (b) show the surface morphology change of the silicon nitride
balls that have been in rollin contact with the rod at the same contact stress for the same
amount of time (i.e. 5.5 GPa for 100 hours, however, note that the stress cycles on each ball
is 1/3 of the stress cycles on the rod). Fig. 12(a) is the original as-polished surface and Fig.
12(b) is the worn surface. Note that the worn surface reveals similar features of the rod
material, i.e. plastic deformation, grain boundary phase being removed and the B-Si3Nyg

grains.
IV. DISCUSSION

The present paper summarizes the results obtained from three different
combinations of materials in rolling contact assessed using a three-ball-on-rod rolling contact

10




fatigue tester, steel/steel, steel/SizN4 and Si3Na/Si3Ng. The rolling contact fatigue lives of
the state-of-the-art bearing steel, M-50, when in rolling contact with an old generation
beariag steel (AISI-52100), were exclusively determined by spallings. The fatigue lives can
be described by a two-parameter Weibull distribution.

When the silicon nitride (material I) was in rolling contact with the bearing steel,
AISI-52100, two different results were obtained based on the surface roughness of the
silicon nitride. When the silicon nitride with the higher surface roughness was used, fatigue
lives were determined exclusively by the wear on the steel balls and the silicon nitride
showed negligible wear and a polished surface. The volume loss of the steel balls was found
to be linearly proportional to the number of stress cycles. When the silicon nitride with the
lower surface roughness was used, tests were terminated either by ball failures or
suspensions of the tests at one hundred hours without failure of eitlier component. Both the
silicon nitride rods and the steel balls suffered negligible wear in this series. These results
probably suggested that surface roughness of the silicon nitride played an important role in
building the elasto-hydrodynamic film during rolling contact. .The elasto-hydrodynamic film
is generally believed to be an importani factor for the wear of the rolling elements.

In the case of silicon nitride in rolling contact with silicon nitride, wear volume
loss has been established as a function of stress cycles at 6.5 GPa for both elements.
Experiments are continuing to complete the data at 5.5 and 4.5 GPa. The kinetics of the wear
behavior, for both elements, from a fast wear rate regime to a steady-state wear regime is
probably controlled by two factors: (1) the nature of the specific rolling contact fatigue tests
used in this study, in other words, the contact stress decreased when the materials suffered
from wear, and (2) change of the morphologies of the contact surfaces from the as-machined
surfaces to plastically deformed and very fine-scaled polished surfaces, which led to a
continuous change of the structure of the elasto-hydrodynamic film between the two faces.

V. CONCLUSIONS

The wear rate, life cycles and fatigue damage in rolling-contact fatigue tests of
two bearing-grade silicon nitrides and two bearing steels were examined in oil-lubricated

conditions. Results are concluded as follows

(1). In the steel/steel contact, the fatigue lives are exclusively determined by spalling and

wear volume losses on both rolling elements are very small.
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(2). In the steel/SisNg4 contact, fatigue performance is very sensitive to the surface
roughness of the silicon nitride. Higher surface roughness of the silicon nitride leads to
high wear rate on the steel, low surface roughness of the silicon nitride leads to very
low wear rate on the steel. In both cases, silicon nitride shows negligible wear and a
polished surface. '

(3). In the Si3N4/Si3Ny4 contact, both the rod and the ball show an initial high wear rate
regime followed by a steady-state regime with low wear rates. In the steady state
regime, the morphologies of the contact surfaces remain almost constant.
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Table 1. Selected Properties of the Two Silicon Nitrides and Bearing Steels.

Material Density Young's Poisson's Ratio Fracture
(g/cm3) Modulus Toughness
(GPa) (MPavm)
SigNyg, I 3.23 308 0.29 5.1540.06%
(Grade: TSN-O3NH)
SigNy, II 3.16 320 0.26 4.1*
(Grade: NBD-200) .
M-50 7.80 207 0.29 -
AISI-52100 7.80 207 029 -

# Measured by the authors using the chevron-notched short-bar technique.

* Reported by the manufacturer. -
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Figure 1. Microstructures of the two Silicon Nitride Materials Investigated in this Study.

(a). Material I Fabricated by Pressureless Sintering and Post-HIPPing and (b) Material I
Fabricated by Direct HIPPing.
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Figure 2. Three-Ball-on-Rod Rolling Contact Fatigue Tester Used in This Study
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Figure 4. Typical Spallings of M-50 Steel When in Rolling Contact with AISI-52100 Steel.
(Arrows Indicate the Rolling Direction)
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Figure 5. Scanning Electron Micrographs of the Surface of a AISI-52100 Steel Ball, (a) the
Original Surface and (b) the Worn Surface after Rolling Contact with Silicon Nitride Rod
with As-Ground Surface.
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Figure 5 (c). Scanning Electron Micrograph of the Worn Surface of a Roughened AISI-
52100 Steel Ball after Rolling Contact with Silicon Nitride Rod
) with As-Lapped Surface.
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Figure 7. Typical Surface Profile of a Wear Track on a Silicon Nitride (Material I) Rod.
(after Rolling Contact with SizN4 (Material II) Balls at 5.5 GPa for 100 Hours)
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Figure 11. Surface Morphologies of the Silicon Nitride (Material I) Rod, (a) the Original As-
Ground Surface and (b) the Worn Surface After Rolling Contact with Silicon Nitride
(Material II) Balls at 5.5 GPa for 100 Hours (~ 52 Million Stress Cycles).
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Figure 12. Surface Morphologies of the Silicon Nitride (Material I) Ball, (a) the Original
As-Polished Surface and (b) the Wom Surface After Rolling Contact with Silicon Nitride
(Material I) Rod at 5.5 GPa for 100 Hours (~ 17.3 Million Stress Cycles).
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Wear and Fatigue Damage in Ball-on-Rod Rolling Assessed with
Steel/Steel, Steel/SizN4 and Si3N4/SizN4 Contacts

Luen-Yuan Chao and Dinesh K. Shetty
Department of Materials Science and Engineering
University of Utah
Salt Lake City, UT 84112

Abstract

The wear rates and surface damage in rolling-contact fatigue tests of two bearing-
grade silicon nitride materials and two bearing steels (M-50 and AISI-52100) were examined
in oil-lubricated conditions. Tests were performed using a three-ball-on-rod rolling contact
fatigue tester. Specific materials combinations for the balls and rods were AISI-52100 steel
versus M-50 steel, AISI-52100 steel versus silicon nitride (I) and silicon nitride (II) versus
silicon nitride (I), respectively. The wear volume loss was assessed using the profilometer
and weight measurement techniques. Morphologies of the worn surfaces were characterized
using scanning electron microscopy. In the case of AISI-52100 steel in rolling contact with
M-50 steel, fatigue lives were controlled exclusively by spallings of the rods. At contact
stress of 5.4 GPa, linearized Weibull plots of the fatigue lives indicated a Weibull slope of
2.27 and L of 3.9 million stress cycles. In the case of AISI-52100 steel in rolling contact
with silicon nitride (I), two types of surface finish were employed for the silicon nitride
(average roughness Ry = 0.18 um and 0.08 um). When the silicon nitride with higher
surface roughness was used, fatigue lives were controlled by the wear on the steel balls and
the rods showed negligible wear loss and a polished surface. The volume loss of the balls
was found to be proportional to the number of stress cycles. When the silicon nitride with
the lower surface roughness was used, fatigue lives were determined either by ball failures or
suspensions of the tests at one hundred hours. Both the silicon nitride rods and the steel
balls suffered negligible wear in this condition. In the case of silicon nitride (I) in rolling
contact with silicon nitride (I), wear behaviors were examined at three different contact stress
levels (4.5, 5.5 and 6.5 GPa). Wear loss of the rods and the balls was measured as a
function of the stress cycles by suspending tests at different durations. For all the
conditions, the initial wear rates were high, then steady-state wear rates accompanied by
constant surface morphologies on the contact surfaces appeared.
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APPENDIX 14, S. Akunuri, "Wear Characteristics of Silicon Nitride-M50 Steel Hybrid
Bearing System," Abstract of M.S. Thesis presented to the Graduate School, University of
Florida, July 1995. Thesis copy available upon request. J.H. Adair, thesis advisor.
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Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the
Requirements for the degree of Master of Science

WEAR CHARACTERISTICS OF
SILICON NITRIDE-M50 STEEL HYBRID BEARING SYSTEM

By
Sreeram Akunuri

December 1995

Chairperson: James H. Adair
Major Department: Materials Science and Englneenng

The overall objective of this thesis is to characterize the wear behavior of
the silicon nitride-M50 steel hybrid bearing system as a function of several
important parameters including the initial Hertzian contact stress, relative
humidity, temperature, linear speed, lubrication, and surface treatment. The
primary objective of this research is to isolate the effect of each parameter listed
above. The wear characteristics of this hybrid system are strongly dependent
on combinations of the above parameters.

The lubricated tests were performed using Exxon Turbo Oil 2380 and, as
expected, there is a significant improvement in the friction and wear properties.
The friction coefficient increases at first and then reduces with increase in initial
Hertzian contact pressure. EDS analysis indicates considerable amount of
oxide formation on both pin and disk, which affects the friction and wear
behavior. The compaction of the oxides into a glaze at higher Hertzian contact

pressures, which acts as a solid lubricant, could be the reason for the low wear
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rates at higher Hertzian contact pressures. Significaht amount of material
transfer from pin to disk and vice versa is seen in EDS analysis.

Variation in linear speed in the range of 6.5 cm/s to 14.5 cm/s did not
significantly change the friction coefficient values. The effect of relative humidity
on the friction coefficient was more profound in the unlubricated tests than in the
lubricated tests. The wear rates decreased with percent relative humidity. The
silicon presence on the wear track on the M50 steel disk indicates that the
silicon nitride also undergoes wear, but to a lesser extent. The presence of iron
on the pin and silicon on the disk, in the form of oxides, indicates that there is
significant amount ofl material transfer from the pin to the disk and vice versa.
The results indicate that relative humidity plays an important role in material
transfer.

DLC coated samples showed a drastic reduction in the friction coefficient
under unlubricated conditions. The friction coefficient increased as %RH
increased at room temperature tests, indicating that atmospheric conditions play
a role in the wear properties of DLC coated samples.

The friction coefficient increases as a function of temperature, in the
range of 50 to 300°C. There is a reduction in the friction coefficient at 400°C
and then increases for the 500°C test. The DLC coating degrades by oxidation
at high temperatures and at 400°C the low friction coefficients could be
attributed to oxide gases formed which act like a lubricant and reduce the
friction coefficient at these temperatures. AFM results indicate the presence of

pits on the M50 steel disk, which could be due to the reaction between the steel

and the lubricant.
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Rolling contact fatigue and wear analysis of M50-M50 all-steel and Si;N,-
M5S0 hybrid bearing rolling element systems wusing lubricants
contaminated with Arizona test dust or glycothermally synthesized o-
Al,O; particulate

David J. Mitchell, John J. Mecholsky, Jr, James H. Adair
Department of Materials Science and Engineering
University of Florida, Gainesville, FL 32611, USA

Abstract

Ball-on-rod rolling contact fatigue experiments were performed using the M50-M50 all-steel
bearing system and the SisN4-MS50 hybrid bearing system. Experiments were performed
using a jet turbine engine lubricant in as-received condition or with particulate contaminants
added. The added particulate contaminants were Arizona test dust or glycothermally
synthesized o—Al,O3. Wear performance of the all-steel and hybrid bearing systems were
compared with and without particulate contaminants in the lubricant. Wear surfaces were
analyzed using optical microscopy, scanning electron microscopy, surface profilometry, and
atomic force microscopy. Wear mechanisms, specific wear rates, roughness of wear track
surfaces, and failure mechanisms were determined for all systems. The primary wear
mechanism produced in rolling contact fatigue experiments is shown to be contact stress
fatigue, with secondary mechanisms of indenting, cutting and plowing occurring as
particulate debris passes through the elastohydrodynamic lubricant layer in the bearing-race

gap.
1. Introduction

Improvements in rolling bearing design, material compositions, and lubricants have advanced
bearing performance dramatically in the past 20 years. Advances in ceramic rolling element
compositions, metal microstructure control, and lubricant additives have increased bearing
performance and lifetimes [1]. The use of SizNj rolling elements in a thrust bearing has been
predicted to produce a 2.5x gain in bearing lifetime in an aircraft gas turbine engine [2]. Pratt
& Whitney has had success inserting advanced hybrid bearings using SisN, rolling elements
in the US Space Shuttle liquid oxygen fuel turbopumps and in the engines of the next
generation of US fighter aircraft. The improved wear resistance and lifetime of hybrid
bearings using Si3Ny rolling elements offer advantages in fuel economy and repair costs.
Si3Ny rolling elements have a low thermal expansion coefficient, high strength and hardness,
high thermal and chemical stability, and low density, providing less centrifugal force on the
raceway at high rotational speeds. Ceramic rolling elements are also non-magnetic and,
unlike all-steel bearings, will not weld when exposed to extreme rotational speed, friction,
heat, or loss of lubricant during operation. The major disadvantage of Si3N, rolling elements
is their increased cost over all-steel bearings. Reducing the cost of production and non-
destructive evaluation (NDE) of hot isostatically pressed (HIP) Si3;N, rolling elements is
necessary for the introduction of high quality hybrid bearings into major applications.




While these performance improvements benefit bearing system operations, they bring new
challenges to researchers evaluating and comparing different rolling element material
candidates. Current bearing and lubrication systems are potentially capable of infinite fatigue
life, given proper elastohydrodynamic lubrication (EHL) and performance within a fatigue
limit stress. Different life analysis techniques are being explored to better represent the
conditions actually experienced by bearings in service and to take into account the fatigue
limit stress [3-5]. Researchers are seeking consistent methods to accelerate RCF tests in a
manner representative of the bearing’s true environment. Initially, Hertzian contact stresses
were raised to over 6 GPa (870 ksi). When ceramic-metal hybrid bearing test specimens
experience high contact stresses, there is an initial widening of the wear track on the softer
metal surface, causing an increased contact area, and a resultant decrease in Hertzian contact
stress. The reduction in stress occurs even if the load is held constant, because the area
supporting the load is larger. This is not representative of actual jet engine bearing
conditions. Actual bearing stresses in jet engines do not normally exceed 2-3 GPa (290-435
ksi), while many fatigue test rigs operate around 5.5 GPa (800 ksi). At stresses near 6 GPa
(870 ksi) one particular SisNy4 rolling element composition performed poorly compared to
another, whereas in service both performed equally well [6]. For some ceramic compositions
this high Hertzian stress affects the mode of wear, but this is not always the case [7]. Thus it
is important to balance accelerated testing conditions with component materials to produce
representative bearing life and performance results. The accelerated testing conditions
explored in this research were high Hertzian contact stress, lubricant contaminated with
Arizona Test Dust (ATD) particulate, and lubricant contaminated with glycothermally
synthesized o—Al,O; particulate. The particulate contaminants were added to the lubricant to
evaluate their capability of reducing test time and the wear mechanisms they induce.

Contamination of the lubricant by particulate debris is one of the most common failure
initiators in operating bearing systems [8-10]. A common wear scenario in actual jet engine
bearing systems occurs when hard particles remain after grinding and finishing operations
during the machining and assembly of the engine components. These particles are difficult to
remove and some inevitably remain as the lubricant is added to the engine for the first time.
Pre-denting the rolling elements has been explored by other research teams [11]. Pre-denting
the samples, while representing the effect of particles in the system, makes it difficult to
evaluate how the material responds to contaminant particles over time. Advances in surface
finish techniques are negated, and the response of the surface finish to the other components
in the system is impossible to discern if samples are roughened before testing. The lubricant
does thermally degrade during use, but actual jet engines burn oil during operation. Fresh
lubricant is added after running, which replenishes additives. Adding oil does not remove
contaminants from the system, however, which means that particulate contaminated
lubricants are the most representative accelerated wear testing systems [12]. Particulate
contaminated lubricants enable accelerated wear testing without increasing the Hertzian
contact stress to a level which may change the wear and failure mechanisms relative to the
stress environments experienced in operation. Bearing materials, lubricant type and
particulate contaminant composition, size distribution, hardness, and morphology are
interrelated factors which determine the combination of wear mechanisms which will result.




2. Experimental Method
2.1. Rolling contact fatigue experiments

This study was performed using a rolling contact fatigue (RCF) test apparatus (NTN-Bower)
with a three-ball-on-rod configuration [13]. Bearing systems simulated were the M50-M50
all-steel system and the Si3Ny4 ball-M50 race hybrid bearing system. The balls are thrust-
loaded against the rod by two cups held in place with three equally spaced springs. The
springs help maintain a constant load during the test, provided the wear track does not
become wider than the initial Hertzian contact region. The rod samples used for all
experiments were 9.5 mm (3/8 in) diameter rods made of M50 VIM VAR steel (R.=61.4).
The ball samples were 12.7 mm (1/2 in) diameter grade 5 balls made from M50 VIM VAR
steel (R;=61.4) or Toshiba TSN-03NH SisN4 (Hy~1500). In order to represent jet engine
conditions, a MIL-L-23699 jet engine lubricant was used. The rod sample was driven at
3600 rpm producing 2.389 stress cycles per revolution. All particulate contaminated
lubricant tests were run using a concentration of 1 gram of powder to 4 liters of oil (0.006
volume percent particulate). The RCF experiments were run under the accelerated testing
conditions listed in Table 1.

2.2. Particulate contaminants

Researchers have been using ATD to accelerate bearing tests for many years. The ‘fine’
grade of ATD used for these tests consists of particles >70 um in diameter with a broad
particle size distribution and random particle morphologies. The average chemical
composition of the ATD was provided by the vendor (Powder Technology Incorporated) and
is shown in Figure 1. ATD is composed primarily of SiO, and Al,0O3, with the remainder
being various other oxides. The Al,O; particles used in this study were glycothermally
synthesized to produce a chemically pure and phase pure 0—~Al,O; powder with a mean
particle size of 1-3 pum, a narrow particle size distribution, and a highly controlled platelet
morphology [14]. Particle size distributions of the two powders are shown in Figure 2. The
ATD size distribution was specified by the vendor and was determined using a Multisizer IIE
(Coulter) particle size analyzer. The Al,O; distribution was determined using an electro-zone
(Elzone®) particle size analyzer. The Al,O; contaminated lubricant should provide a more
consistent test environment at lower stresses because of its smaller, more uniform particle
size and narrow size distribution. It also simulates a common wear scenario in actual jet
engine bearing systems of hard particulate contaminants in the lubrication system. The
particle size and morphological differences between the ATD and Al,Os; powders are
apparent in the scanning electron photomicrographs shown in Figure 3(a) (JEOL 6400 SEM)
and (b) (JEOL 35CF SEM), respectively.

2.3. Wear analysis
Optical microscopy (Nikon OPTIPHOT metallurgical optical microscope with polarizing

lenses) was used to determine wear mechanisms on M50 rod wear track surfaces. Scanning
electron microscopy (Joel 35CF SEM) was used to investigate M50 and Si3Ny4 ball wear track




surfaces to determine wear mechanisms. Wear tracks on M50 rod samples were analyzed
using profilometry (Sloan Dektak surface profilometer with a Dektak FLM controller and a
10 cm chart recorder) to calculate the volume specific wear rate. Three surface profiles were
taken at 120 degree intervals around the diameter of the wear track on the M50 test rod, and
their average area was integrated around the circumference of the rod to determine the
volume of wear material removed. The roughness (R,) of the M50 rod wear track surfaces
was determined using atomic force microscopy (Topometrix TMX 2000 scanning probe
microscope). Atomic force microscopy is a powerful analytical tool for probing the surface
of materials, providing a topographical image of the material surface as well as roughness
values. The topographical image provides a three-dimensional atomic picture of the wear
surface, thoroughly exposing wear characteristics and embedded debris. Optical microscopy
and SEM were used to characterize the primary failure mechanism on M50 and Si;N4 sample
wear surfaces, which was spallation. The primary wear mechanism produced in RCF
experiments is contact stress fatigue, with secondary wear mechanisms of indenting, cutting
and plowing resulting from particulate contaminants in the lubrication system [15-16].

3. Results and Discussion
3.1. Wear mechanisms - optiéal microscopy

The wear surfaces produced on M50 rods using M50 balls and as-received oils under low and
high stress conditions are shown in Figures 4(a) and (b). In both cases the wear mechanism is
contact stress fatigue, resulting in an overrolling appearance on the wear surface, where the
original machining marks are flattened. The few indentations present were most likely
generated from wear material which was removed from the bearing element surfaces and
deposited into the lubricant. Longer test times resulted in more plastic flow of wear material
towards the outside of the wear track under all experimental conditions. The wear surfaces
produced on M50 rods using SisNy balls and as-received oils under low and high stress
conditions are shown in Figures 5(a) and (b). The low stress case shown in Figure 5(a)
resulted in typical over-rolling wear behavior with minor indentation damage. Figure 5(b)
shows the high stress hybrid bearing case, which produced tortuosity on the M50 rod wear
surface which may be due to extensive subsurface grain boundary damage. We have not
attempted to determine the exact nature of this wear mechanism because jet engines operate
at much lower stresses and thus do not exhibit this type of wear. This type of wear surface
was only generated in the SisNy test operating at 6.29 GPa (912 ksi) Hertzian contact stress.
The secondary wear mechanism of indenting was observed more extensively when particulate
contaminants were introduced to the lubricant. The optical photomicrographs in Figures 6
and 7 confirm that lubricants contaminated with glycothermally synthesized o-Al,Os
particles produce a more finely indented structure on the wear surface than those with
conventional ATD powders in both all-steel and hybrid bearing systems. The finer the
indentations, the more consistent the testing should be, particularly when ceramic elements
are involved due to their dependence of fracture toughness on critical flaw size.




3.2. Wear mechanisms - scanning electron microscopy

Figures 8(a) and (b) show the wear surface of an M50 ball which was run with an M50 rod
under a lubricant contaminated with ATD particulate. Figures 9(a) and (b) show the wear
surface of a SizN4 ball which was run with an M50 rod under an ATD particulate
contaminated lubricant. Comparison of the topographical differences between Figures 8 and
9 indicates that more wear occurred on the M50 ball surface than on the SizNy4 ball surface.
Larger spall defects, such as the one at the bottom right of Figure 8(a), occurred more
frequently on M50 ball surfaces than on the Si3N4 surfaces. Wear mechanisms such as
indenting, cutting, and plowing are exposed on the M50 ball wear surface in Figures 8(a) and
(b). The cutting and plowing damage is evident in the alignment of the scars on the wear
surface, which follow the direction of rolling. Large, sharp indentors may cause subsurface
lateral cracks which develop into the microspalls. Figures 9(a) and (b) show that very little
wear occurred on the Si3Ny surface. A few microspalls were observed, indicating the
presence of large, sharp indentors causing subsurface lateral cracking. The spallation on the
Si3N, surface was much less severe than that observed on the M50 surface. The cutting and
plowing damage is not present on the Si3N4 wear surfaces due to the higher hardness of the
Si3Ny relative to the ATD particulate. This limited wear by the ATD particles on the SisNy
balls did not appreciably decrease the test times of Si3N4-MS50 hybrid experiments, compared
with runs using as-received lubricants.

Figure 10 shows the wear surface of an M50 ball run with an M50 rod, under a lubricant
contaminated with glycothermally synthesized a-Al;O; particles. Figure 11 shows the wear
surface of a SizN4 ball run with an M50 rod, also under a-Al,O3 particulate contaminated
lubricant. Figures 10(b) and 11(b) show larger flaws found on each of the wear surfaces. It
is apparent from the wear topography differences between Figures 10 and 11 that the M50
ball surface was worn more by the Al,Os particles than the Si3;Ny surface. Figures 10(a) and
(b) expose the wear mechanism of indenting in its most obvious state. The large hexagonal
0-Al,O; platelets caused perfect hexagonal indentations in the softer M50 wear surface, as
well as non-symmetrical indentations from three-body wear with smaller particles on end.
The larger indentations may cause subsurface damage which can eventually result in
spallation of material from the surface. The lack of cutting and plowing damage on the M50
surface by the Al,Os particles shown in Figures 10(a) and (b) compared to the ATD run
shown in Figures 8(a) and (b) is due to the smaller particle size and distribution of the Al,O4
particulate. The extremely large particles in the ATD powders may get wedged in front of
the rolling element and be unable to move between the ball and race. This may result in the
particle cutting or plowing through the rod (or race) material as it is ground into smaller
particles. The larger particle size of the ATD powder is the reason more damage is generated
in the all-steel system by the ATD particles than by the Al,O3 particles. Using an Al,Os
particulate with a larger particle size should induce more wear in the all-steel system.
Comparison of Figures 11(a) and (b) with Figures 9(a) and (b) indicates that more damage is
inflicted on the SizNy surface by the Al,Oj3 particles, than by the softer ATD particles. ATD
particles are comminuted by the SizNy4 surface, while the Al,O; particles cause noticeable
flaws. This results in dramatic reductions in test times of hybrid bearing experiments using
Al»,O3 particulate contaminants.




3.3. Specific wear rate

Specific wear rate is the volume of material removed divided by the number of stress cycles
experienced during the test. Figure 12 is a plot of specific wear rate on M50 rod wear tracks
versus the number of stress cycles experienced during each experiment, e.g. lifetime of tests.
Under all experimental conditions the specific wear rate of the M50 rod decreased with
increasing test lifetime. This indicates that more wear of the M50 rod occurs in the first 100
million stress cycles of testing than in the remainder of the test. The Al,O; experiments
(open diamonds) resulted in higher wear rates and lower lifetimes than the other accelerated
testing conditions. The fact that ATD contaminated lubricants did not reduce test times in
either the all-steel or hybrid system is apparent from the insignificant wear rates (solid
diamonds and squares). The tests using ATD contaminated lubricants did not fail until more
than 200 million stress cycles, and did not reduce test times over the as-received experiments.

3.4. Roughness of wear tracks

The roughness of wear track surfaces is another method of evaluating the extent of wear.
Figure 13 is a comparison of the R, roughness values of M50 rod wear track surfaces
produced under the eight experimental conditions described in Table 1. On the horizontal
axis, the number O is the average value of an as-received rod. The numbers 1 through 8 refer
to the experimental condition numbers listed in the first column of Table 1. Experimental
condition numbers 1 through 4 are roughness values of all-steel bearing system runs, and the
values of numbers 4 through 8 are of hybrid bearing tests. The roughness values indicate that
more wear occurs on the M50 rod wear surface when tested with SizN4 balls than the all-steel
system. This data is exaggerated by the fact that the hybrid system was tested at a higher
stress level than the all-steel system. These experiments were performed under constant load
conditions rather than under constant stress to enable rotating experiments through multiple
test heads, improving statistical accuracy. The same applied load results in a higher Hertzian
contact stress in the hybrid system than in the all-steel system because of the higher elastic
modulus of the SizNy rolling elements.

The roughness values of experimental condition numbers 3 and 4 in Figure 13 show that the
ATD particles, with their large particle size, produced more wear in the all-steel system than
the Al,Oj3 particles, even though ATD is softer. The lower stress produced in the all-steel
experiments results in an increase in the EHL layer thickness over the hybrid system. If the
EHL layer is thicker than the particulate contaminants, then three body wear is less prevalent.
The ATD particles did not have the same effect on the hybrid system. Comparison of the
roughness values of experimental condition numbers 7 and 8 in Figure 13 confirms that the
Al,O;3 particles result in more wear in the SisN4-MS50 hybrid bearing system than ATD
particles. The optical photomicrographs in Figures 7(a) and (b) indicate that larger
indentations are produced on the M50 rod wear surface by ATD contaminated lubricants than
by Al,O3; contaminated lubricants. However, the wear surface produced under the Al,O3
contaminated lubricant is rougher on an atomic scale, indicating a more efficient accelerated
wear mechanism, resulting in more defects of smaller average size.




Figure 14(a) shows an AFM image of an M50 rod wear track tested with Si;Ny balls and a
lubricant contaminated with ATD particulate. The original finishing marks remain present
after almost 600 hours of testing. Figure 14(b) shows an AFM plot of a wear track tested
with SisNy balls and a lubricant contaminated with Al,O; particles. The two white vertical
protrusions are Al,O; particles embedded in the M50 rod. The original finishing marks have
been removed by abrasive wear in 40 hours, indicating more wear is induced in the hybrid
bearing RCF system by Al,O3 particulate than by ATD, due to the greater hardness of Al,O;
particles.

3.5. Failure mechanisms

The primary failure mechanism in RCF experiments involving M50 steel and SisN4 samples
is advanced spallation resulting from subsurface damage due to local inelastic deformations
or an improper sintering process [15]. The lateral cracking will begin below the surface and
propagate toward the material surface, ultimately dislodging a conical shape of material,
known as a spall, from the sample surface. Most RCF tests result in spallation of the rod
sample, simulating a raceway failure. This is consistent with actual bearing scenarios, where
the raceway is the most common initial component failure. Occasionally tests will result in
spallation of the ball sample. Figures 15 and 16 show optical photomicrographs of spalls on
M50 rod wear tracks. Figures 15(a-c) are examples of the spalls produced from all-steel
experiments, and Figures 16(a-d) show examples of spalls from hybrid bearing experiments.
The most common failure initiator in these RCF experiments was spallation of the M50 rod,
regardless of the other experimental conditions. The direction that the ball was rolling over
the rod is indicated by an arrow in each photomicrograph.

Figures 15 and 16 show that spalls produced from the different experimental conditions were
all of similar shape and size, indicating that spallation resulting from subsurface damage is
the primary failure mechanism in both the all-steel and hybrid bearing systems under all
conditions tested. Experiments using all-steel samples under ATD contaminated lubricants
were stopped before spalls large enough to shut down the tests occurred due to excessive test
times. Microspalls were evident, however, on the wear surface. The scanning electron
micrographs in Figures 17(a) and (b) show a spall on a Si3Ny ball. This failure is suspected
to be a result of an improper sintering process, where a large subsurface stress from a void,
defect or impurity was present, which caused this large amount of material to be removed
through spallation. This was the only spall detected on a SizN4 ball during this study.

4. Conclusions

Figure 18 is a schematic representation of the wear process which occurs in the Si3Ng-MS50
hybrid bearing system when particulate contaminants are present in the lubrication system. It
is adapted from the schematic developed by Chen et al. under contact loading conditions
[15]. The primary wear mechanism produced in RCF experiments is contact stress fatigue
when using as-received oils. Secondary wear mechanisms are involved when particulate
contaminants are present in the lubricant system. Three body wear from smaller particles can
result in cutting or plowing damage. Indentations from larger particles passing through the




bearing-race gap may result in lateral subsurface cracks and grain boundary damage which
can lead to spallation, and ultimately to rolling element failure. Extremely large particles
may become wedged in front of the rolling element causing additional cutting and plowing
damage as grinding of the large particle occurs. The general trend of decreasing specific
wear rate with increasing lifetime was observed for all experimental conditions, indicating
that more wear of the M50 rod occurs in the first 100 million stress cycles of testing than in
the remainder. The Al,O; contaminated lubricant tests of hybrid bearing elements resulted in
higher wear rates on the M50 rods and lower lifetimes than the tests with ATD contaminated
oils. The ATD contaminated lubricants did not significantly reduce test times in either
bearing system compared to experiments using as-recetved lubricants.

It appears from the roughness values of M50 rod wear tracks that more wear occurs on the
M50 rod wear surface when tested with SizNy balls than in the all-steel system. This data is
exaggerated, however, by the fact that the hybrid system was tested at a higher stress level
than the all-steel system in these experiments. Wear resistance in the SisNs-M50 hybrid
bearing system can be reduced by incorporating a race material with a hardness value closer
to that of SisNs. This will result in less wear of the race material by the SizNy4 rolling
elements. Comparison of the roughness values and AFM images of M50 rod wear track
surfaces confirms that the AlO; particles result in more wear in the SizNs-M50 hybrid
bearing systems than softer ATD particles. While the Al;O3 contaminated lubricant results in
finer macroscopic indentations, the wear surface is rougher on an atomic scale, indicating a
more efficient acceleration mode, resulting in more defects of smaller average size.
Performing RCF experiments with a lubricant contaminated with highly defined 0-Al>Os;
particles is an effective method of reducing test times to evaluate the wear performance of
advanced rolling element materials. The primary failure mechanism in RCF experiments
involving M50 steel and SisN4 rolling elements is spallation resulting from subsurface
material damage due to local inelastic deformations or an improper sintering process.

Hertzian contact stresses in RCF tests must be maintained at a level where the mode of wear
is representative of that experienced in the actual bearing environment. Hard-particulate
contamination of the lubricant is a common wear scenario in actual bearing environments.
Particulate contaminants with a controlled morphology, smaller particle size, and size
distribution generate smaller, more uniform surface defects. Smaller surface defects should
lead to more consistent RCF tests and less variability in lifetime results, particularly when
ceramic elements are involved due to their dependence of fracture toughness on critical flaw
size. This will allow the researcher to compare lifetime data between two candidate rolling
element materials with more confidence and potentially fewer runs.
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Table 1

Experimental Conditions

Number| Ball | Rod | Lubricant Type | Lubricant Condition| Hertzian Stress
1 M50 | M50 | MIL-L-23699 | As-Received 5.19 GPa (753 ksi)
2 M50 | M50 | MIL-L-23699 | As-Received 5.47 GPa (793 ksi)
3 M50 | M50 | MIL-L-23699 | Arizona Test Dust | 5.19 GPa (793 ksi)
4 M50 | M50 | MIL-L-23699 | Fine ALO; 5.19 GPa (753 ksi)
5 SisNg | M50 | MIL-L-23699 | As-Received 5.97 GPa (866 ksi)
6 SisNg | M50 | MIL-L-23699 | As-Received 6.29 GPa (912 ksi)
7 SisNg | M50 | MIL-L-23699 | Arizona Test Dust | 5.97 GPa (866 ksi)
8 SizNg | M50 | MIL-L-23699 | Fine AL,O; 5.97 GPa (866 ksi)




Component | % of Total Mass
Si0, 6876
ALO, 10- 15
Fe,O, 2-5
Na,0O 2.4
CaO 2-5
MgO 1-2
TiO, 0.5-1
K,O 2-5

Fig. 1. Average chemical composition of Arizona test dust (ATD) particulate.
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Fig. 2. Particle size distributions for ATD and a-Al,O, powders.




Fig. 3. SEM photomicrographs of particulate contaminants, (a) ATD, (b) a-AlLO,.




Fig. 5. Optical photomicrographs of wear tracks on M50

rods run with Si;N, balls and as
315h, (b) 6.29 GPa, 68 h.

Fig. 4. Optical photomicrographs of wear tracks on

M50 rods run with M50 balls and as

d oil, (a) 5.97 GPa,

-receive

d oil,

-receive

(a) 5.19 GPa, 690 h, (b) 5.47 GPa, 351 h.




Fig. 7. Optical photomicrographs of wear tracks on M50

rods run with Si,N, balls, (a) ATD
(b) ALLO, in oil, 5.97 GPa, 114 h.

Fig. 6. Optical photomicrographs of wear tracks on

1,5.97 GPa, 578 h,

n o1

L,
1, 5.19 GPa, 603 h.

in o1

M50 rods run with M50 balls, (a) ATD

, in ol

5.19 GPa, 440 h, (b) ALO
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Ra (nm)

Experiment Number

Fig. 13. Roughness values for M50 rod wear tracks. On the horizontal axis, the number 0 represents the as-
received M50 rod R, value, and numbers 1 through 8 refer to the experimental condition numbers in the first

column of Table 1.
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7% 67517 nm
Opm 337.58 nm
! T '~ 0nm
0 ym 12.8 pm 25.61 pm

Fig. 14. Atomic force micrographs of wear track surfaces on M50 rods run with Si;N, balls, 5.97 GPa, (a) ATD
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in oil, 578 h, (b) AL,O;in oil, 40 h. Arrows indicate embedded Al,O, particles.
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Fig. 18. Schematic diagram of the mechanisms occurring in the wear process of the Si;N,-M50 hybrid ball
bearing system when particulate contaminants are present in the lubrication system.




APPENDIX 17, D.J. Mitchell, R. Sabia, E.D. Whitney, and J. H. Adair, “Characterizing
the Performance of Advanced Rolling Element Materials,” Cer. Engr. & Sci. Proc., 18[4],
85-92, (1997).
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CHARACTERIZING THE PERFORMANCE OF ADVANCED ROLLING ELEMENT
MATERIALS

0.J. Mitchell, R. Sabia, E.D. Whitney, J.H. Adair
Department of Materials Science and Engineering
University of Florida, Gainesville, FL 32611

ABSTRACT

various methods for the acceleration of Rolling Contact Fatigue (RCF) tests of M50 steel and
hvbrid M50-Si;N4 bearing systems were explored. The acceleration methods investigated were
hieh Hertzian contact stress, roughening or pre-denting the rolling element surface, lubricant
-ontaminated with Arizona Test Dust, lubricant contaminated with fine Al,O; particles, and
thermally degraded lubricant. The advantages and disadvantages of each method were analyzed
and compared. Weibull analysis was performed on all-steel and hybrid systems in order to observe
how cach behaves under the various acceleration conditions. The results of the Weibull analyses
will be reported in a subsequent paper. Structural changes were analyzed using conventional
techniques such as scanning electron microscopy, optical microscopy and surface profilometry, as
well as novel techniques such as atomic force microscopy.

INTRODUCTION

Improvements in rolling bearing design, material compositions and lubricants have advanced
bearing performance dramatically in the past 20 years. Advances in ceramic rolling element
compositions, metal microstructure control and lubricant additives have increased performance and
hfetimes (1). The use of SizNjy rolling elements in a thrust bearing has been predicted to produce a
2.5x gain in By lifetime in an aircraft gas turbine engine (2). While these performance increases
cnhance bearing system operations, they bring new challenges to researchers evaluating and
comparing different rolling element material candidates. Today’s current bearing and lubrication
systems are potentially capable of infinite fatigue life, given proper lubrication and performance
maintained within a fatigue limit stress. Different life analysis techniques are being explored to
better represent the conditions actually experienced by bearings in service and to take into account
the fatigue limit stress (3-5). Rolling element research is not a standard science. There are many
test configurations which combine various types of samples to determine the fatigue life of bearing
components, and as many methods to analyze the resulting data.

Researchers are seeking consistent methods to accelerate RCF tests in a manner representative of
the bearing’s true environment. Initially, Hertzian contact stresses were raised to over 6 GPa (870
ksi). When ceramic-metal hybrid bearing test specimens experience high contact stresses, there is
an initial widening of the wear track on the softer metal surface, causing an increased contact area,
and a resultant decrease in Hertzian contact stress. The reduction in stress occurs even if the load is
held constant, because the area supporting the load is larger. This is not representative of actual jet
engine bearing conditions. Actual bearing stresses experienced in jet engines do not normally




exceed 2-3 GPa (290-435 ksi), and many fatigue test rigs operate around 5.5 GPa (800 ksi). At 4
stresses near 6 GPa (870 ksi) one particular Si;Nj rolling element composition performed poorly 4
compared to another, whereas in service both performed equally well (6). For some ceramic §
compositions this high Hertzian stress does not affect the mode of wear, but for others it does (7).
This highlighted the importance of balancing test acceleration techniques with component A
materials to produce representative life and performance results. The acceleration methods - i
explored in this research were high Hertzian contact stress, lubricant contaminated with Arizona' §
Test Dust (ATD), which is the ASTM standard for contaminating lubricants in bearing tests, :
lubricant contaminated with a glycothermally synthesized a—~Al,O; powder, and thermally 2
degraded lubricant. ;
Contamination of the lubricant by particulates is one of the most common failure initiators inijf
operating bearing systems (8-10). Pre-denting the rolling elements has been explored by other
research teams (11). Pre-denting the samples, while representing the effect of particles in the 3
system, makes it difficult to evaluate how the material responds to contaminant particles over time.
Advances made in surface finish techniques are negated, and the response of the surface finish to '
the other components in the system is impossible to discern if samples are roughened before
testing. The lubricant does thermally degrade during use, but actual jet engines burn oil durmg
operation. Fresh lubricant is added after running, which replenishes depleted additives. Adding oil 3§
does not remove contaminants from the system, however, leaving particulate contammatedI
lubricants as the most representative acceleration technique.

EXPERIMENTAL METHOD j'

This study was performed using a NTN-Bower Rolling Contact Fatigue (RCF) test apparatus with ] s
a three-ball-on-rod configuration (12). The balls are thrust-loaded against the rod by two cups held &
in place with three equally spaced springs. The springs help maintain a constant load during the§
test, provided the wear track does not become wider than the initial Hertzian contact region. The ¥
materials used were 9.5 mm (3/8 in) diameter rods made of M50 VIM VAR steel (Rc=61.4) and’§
12.7 mm (1/2 in) diameter grade 5 balls made from M5S0 VIM VAR steel (Rc=61.4) or Toshiba:
TSN-03NH Si3N,; (Hv~1500). In order to represent actual conditions, a MIL-L-23699 jet cngme
lubricant was used. The rod sample was driven at 3600 rpm producing 2.389 stress cycles per;
revolution. All particulate tests were run using a concentration of 1 gram of powder to 4 liters of}}
oil. The RCF experiments were run under the acceleration conditions listed in Table L. By
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Table 1. Experimental Conditions

Number Ball Rod Lubricant Type Lubricant Condition Hertzian Stress S
1 M50 | Ms0 MIL-L-23699 | As-Received 5.19GPa (753 ksi) | AN
2 M50 | MS0 MIL-L-23699 | As-Received 5.47 GPa (793 ksi) |4
3 M50 | M50 MIL-L-23699 | Thermally Degraded 5.47GPa (793 ksi) |}
4 M50 | M50 MIL-L-23699 | Arizona Test Dust 5.19 GPa (753 ksi) |4
5 SizNg | M50 MIL-L-23699 | As-Received 5.97 GPa (866 ksi) |
6 Sih:Ng | M50 MIL-L-23699 | As-Received 6.29 GPa (912 ksi)  |§f
7  Si3Ng MS0 MIL-L-23699 Arizona Test Dust 5.97 GPa (866 ksi) '
8 Si;Ny | M50 MIL-L-23699 | Fine ALO, 5.97 GPa (866 ksi) _|X
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particulate Contaminants

Researchers have been using ATD to accelerate bearing tests for many years. The ‘fine’ grade of
ATD used for these tests consists of particles >70 pm in diameter with a broad particle size
distribution and random particle morphologies. ATD is composed of approximately 60-70% SiO,,
10-15% Al,O3, and the remainder of various other oxides. The Al,O; particles used in this study
were glycothermally synthesized to produce a chemically and phase pure 0~Al,O; powder with a
mean particle size of 2-4 um, a narrow particle size distribution and a highly controlled platelet
morphology (13). Particle size distributions of the two powders are shown in Figure 1. The ATD
distribution came from the vender, Powder Technology Incorporated, and was determined using a
Coulter Multisizer IIE. The Al,O; distribution was determined using an Elzone® electro-zone
particle size analyzer. The ALO; contaminated lubricant should provide a more consistent test
environment at lower stresses because of its smaller, more uniform particle size, and simulate a
common wear scenario in actual jet engine bearing systems. The morphological differences
hetween the ATD and Al,O; powders are apparent in the scanning electron photomicrographs
shown in Figure 2.

Particle Size Distribution of ATD and a-Al;03 Powders
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Fig. 1: Particle size distribution comparison of ATD and a-Al,0; powders.
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Fig. 2: Scanning electron micrographs of particulate contaminants, (a) ATD, (b) a-ALOs.
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RESULTS AND DISCUSSION

Optical microscopy was used to characterize ball and rod sample surfaces to observe wear
mechanisms relative to test conditions. Optical microscopy was used extensively due to its low
cost, reliable results and efficient characterization rate. Wear tracks on M50 rod samples were :
analyzed using profilometry to calculate the volume specific wear rate. The roughness (R,) of the .§
wear track surfaces was determined using atomic force microscopy (AFM). The AFM also 3
provides a three-dimensional atomic picture of the wear surface, thoroughly exposing wear
characteristics and embedded debris.

rmpten WA <ol s e - o

Optical Microscopy

The following photomicrographs were taken on a Nikon OPTIPHOT metallurgical optical
microscope with a Microflex AFX-ITA photomicrographic attachment. Polarizing lenses were used
to completely expose the wear surface features. Figures 3 through 6 are photo-micrographs of wear
tracks on M50 rods run with an as-received lubricant, a lubricant contaminated with ATD, a
lubricant contaminated with Al,0s, and a thermally degraded lubricant, respectively. The operating
stress and number of hours the test ran is reported in each figure caption. The wear surfaces
produced using as-received oils under low and high stress conditions are shown in Figure 3. The:
low stress case, shown in Figure 3a, resulted in typical over-rolling wear behavior, where the
original machining marks are flattened. Figure 3b shows the high stress case, which produced a
tortuosity on the wear surface which may be due to subsurface grain boundary damage. We have g
not attempted to determine the exact nature of this wear mechanism because jet engines operate at
much lower stresses and thus do not exhibit this type of wear. This type of wear surface was only
generated in the test run at 6.29 GPa (912 ksi). The wear mechanism changes to indenting when
particulate debris is introduced to the lubricant. The optical photomicrographs in Figures 4 and 5%
illustrate that glycothermally synthesized «-Al,O; powders produce a more finely mdented;
structure on the wear surface than conventional ATD powders. The finer the indentations, the mor
consistent the testing should be, particularly when ceramic elements are involved due to their}
dependence of fracture toughness on critical flaw size. Figure 6 is a photomicrograph of a wear}
track produced by running with a thermally degraded lubricant. The mode of wear when using
thermally degraded lubricant is over-rolling, with more plastic flow of wear material towards th
outside of the wear track than in the tests using as-received oils.

3ennah o L i 2 e e’ YAt Mgt ts LA ol e ol TR C e v

et i s AV INOND § AR WO UM gl snd

e Sre e e ¥, ¥

1
%’
‘,‘

3




4 2 s 4 e s M B g b hene LS Ayt A G

PR

P P VY 0 S

R

Fig. 5: Wear track on M50 rod run with Si;N, balls, Al,O; in lubricant, 5.97 GPa, 114 h.
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Fig. 6: Wear track on M50 rod run with M50 balls, thermally degraded lubricant, 5.47 GPa, 951

Profilometry

il i A

10 cm Sloan chart recorder. Three profiles were taken, at 120 degree intervals around the diamezr. 3
of the wear track on the test rod, and their average area was integrated around the circumference off ;3§
the rod to determine volume of wear material removed.
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Specific Wear Rate - Wear Tracks on M50 Rods
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Fig.7: Specific wear rate of wear tracks on M50 rods.
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fagure 7 1s @ plot of rod wear material removed data versus the pumber of stress cycles
c‘ﬁrienced during the tests, which Provides specific wear rate informatlox?.'The general trend of -
(pevific wear rate decreasing as lifetime incr'ease.s occurred for all test COﬂdl.tIOI‘.lS. The Al,O; tests,
,cprcscnled by the solid diamonds, resulted in higher wear rates and lower lifetimes than the other

scccleration techniques.

Atomic Force Microscopy

Atomic force microscopy is a powerful analysis tool for probing the surface of materials, providing
1 topographical image of the atomic surface as well as roughness values. The AFM used was a
Topometrix TMX 2000 scanning probe microscope placed on a Sloan vibration isolation table.
ficurc 8 is a comparison of the R, roughness values of rod wear tracks produced under the eight
.u-Z‘clcration conditions. On the horizontal axis, the number O is the average value of an as-received
. The numbers 1 through 8 refer to the numbers of the acceleration conditions in Table I. Figure
0 15 an AFM image of an M50 rod wear track run with Si;N, balls and a lubricant contaminated
with Al,Os particles. The two vertical protrusions are Al,Os particles embedded in the M50 rod.

Roughness - Ra (nm)

Ra (nm)

0 1 2 3 4 5 6 7 8
Table Number

t1g. 8: Roughness values for M50 rod wear tracks. On the horizontal axis, the number 0 represents
the as-received M50 rod R, value, and numbers 1 through 8 refer to the test numbers in Table 1.
Whole Image
Areca Ra T7 2892 e
Ana AINS 107 1052 rirn
Avg Height 1152866mm
Max. flange: 10036746

1 1086.9nm
. ! 54345 nm
Uy = f
- 0nm
0pm 128 pm 25.61 pm

Fig. 9: Surface of wear track on M50 rod run with Si;Nj balls, Al,O5 in oil.




CONCLUSIONS

L b A S

Hertzian contact stresses in RCF tests must be maintained at a level where the mode of wear is
representative of that experienced in the actual bearing environment. Hard-particulate
contamination of the lubricant is a common wear scenario in actual bearing environments.
Particulate contaminants with a smaller particle size and size distribution generate smaller, more §
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uniform surface defects. While the Al,O; contaminated lubricant results in finer indentations, the g§ CH:=
wear surface is rougher on an atomic scale, indicating a more efficient acceleration mode, resulting .3 DAN
in more defects of smaller average size. Smaller surface defects should lead to more consistent SN
RCF tests and less variability in the lifetime results, particularly when ceramic elements are 1
involved due to their dependence of fracture toughness on critical flaw size. This will allow the 3 i R.D.
researcher to compare lifetime data between two candidate rolling element materials with more - § i *The
confidence and potentially fewer runs. Any improvement in these two areas increases efﬁmency 3 ; "Hig
and expedites data collection. More runs need to be performed under each acceleration condition ' 3 0Oak
to enable statistical comparison by Weibull analysis, which allows us to calculate and plot the' f {
variability of each lubricant degradation scenario. Additional results and wear analysis will be the '; y :
subject of a subsequent paper. The next step in this research is to reduce the Hertzian contact stress i
to 3 GPa (435 ksi) while maintaining acceptable test times. , { \BS
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FRICTION AND WEAR PROPERTIES OF SILICON NITRIDE/M-50 SLIDING
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ABSTRACT

The effect of ester-based oil degradation on the. wear behavior of the silicon
nitride/M50 steel system has bee;z studied in order to understand the influence of oil
degradation on hybrid bearing performance. Degraded oil samples were generated by
heating a conventional gas turbine jet engine lubricant (MIL-L-23699C) to temperatures
between 200-300°C for various times. quricant degradation was characterized usiﬁg
total acid number, antioxidant concentration, rheometry, surface tension, optical
spectroscopy, and molecular weight v.ia gel permeation chromatography. Coefficient of
friction and rate of wear were measured for Si;zN;M50 steel as a function of degree of
lubricant degraaation using a pin-on-disk test apparatus under a Hertzian contact stress
of 1.6 GPa at 25+1°C. Results show significant physical and chemical changes which
could not be attributed to any specific degradation product. Degradation is shown to
increase the coefficient of friction but showed no correlations to wear measurements.
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Degradation, Friction, Lubrication, Wear.




INTRODUCTION

Current understanding of the effects of oil degradation on the wear behavior of the
silicon nitride/M-50 system is limited. Synthetic ester-based lubricants are composed of
complex additive packages -blended - with ‘multiple base -stocks. Formulations vary--
between both vendor and grade. Friction and wear studies performed are usually
simplified by testing individual additives and base stocks, allowing easy determination of
system interactions and behavior. These simplifications are limited in relation to real-life
systems in use, with possible interactions between numerous oil constituents not
observable. Further hindering understanding of these oil systems are degradation tests
which are also simplified and do not allow for analysis of competing degradation

mechanisms.

Bearing Design

All-metal ball bearings are designed to éllow the ball elements to roll along the
inside of the bearing raceway, generating subsurface shear stresses which if excessive,
ultimately lead to spallation (1). Conventional design incorporates materials with high
elastic moduli, such as metals and ceramics, and the use of liquid lubricants which reflect
Newtonian behavior to generate a contact area which 1is consistent with
elastohydrodynamic lubrication (EHL or EHD) (1-3). With ideal rolling contact and EHL
behavior, the ball and outer raceway elastically deform under high pressures within the
contact region, generating a larger contact area. Oil is drawn into the contact region

under hydrodynamic lubrication. The high pressure increases the lubricant viscosity,




creating a film which separates the ball and raceway, allowing the ball to roll with only a
small degree of sliding (1). The higher the viscosity, the thicker the film and, therefore,
the better protection against wear (assuming adequate flow) (4). However, non-ideal
behavior does exist within rolling bearing systems (1). Large amounts of slip and spin
result as centripetal forces and gyroscapic_moments separate the contact angle between .
raceways, increasing torque and breaking down the EHL layer (1,2,5,6). Surfaces come
into contact, generating high wear rates and increased temperatures. The combination of
these non-ideal behaviors result in the generation of othe_r modes of lubrication, namely
those characteristic of dry lubrication and boundary lubrication, in which surface wear

and tribochemical reactions occur to a much greater extent.

Wear of Bearing Components

The behavior of wear falls into two general categories, namely mechanical wear
and tribochemical wear (7-8). Mechanical wear can include different mechanisms,
including adhesion, abrasion, and fatigue. Tribochemical wear mechanisms include
oxidation and corrosion, where contaminants and degradation products react with sliding
surfaces to either promote or hinder the rate of material removal. The effectiveness of a
given material in preventing the generation of wear is dependent on material properties
and surface condition. High yield strength, fracture strength, hardness, toughness,
corrosion resistance, and low thermal conductivity at both low and high operating

temperatures help to minimize the generation of debris and organometallic products (8-9).




Behavior of Lubricants
Under proper EHL conditions, the lubricant offers further advantages by cooling
the bearing and removing debris from the contact area. However, under non-idea

behavior such as boundary lubrication conditions, the lubricant serves a second purpose

by lowering the coefficient. of friction.-and .thus.minimizing.wear.....The .chemical. ..........._..

properties of the lubricant dictate the effectiveness in reducing friction by either forming
protective oxide films (typical of silicon nitride reacting with water and M-50 steel
reacting with tricresylphosphate) or the formation of organic compounds typically
catalyzed by metallic surfaces (10-11). Additive compounds containing phosphorous and
sulfur have been shown to. lower friction and the rate of wear, whereas chlorine

containing compounds have been shown to have the opposite effect (10).

Oil Monitoring

Current oil monitoring techniques fall into three main categories. These
categories include study of basic fluid parameteré such as viscosity and total acid number,
analytical techniques used to determine chemical changes in additive concentrations and
basg stock, and off-line techniques which have been developed to give quick information
on oil condition.

Basic Fluid Parameters

As a first look at the extent of degradation in used oil samples, two basic
techniques are used. For extent to which degradation has affected the physical condition
of the oil, viscosity testing is employed. To determine the extent to which the oil has

chemically degraded, total acid number (based on ASTM 664-89) is determined. Total




acid number (TAN) is a technique in which a small amount of the oil sample is dissolved
in solvents and titrated using 0.1N alcoholic KOH. As a result, the amount of KOH
solution needed to titrate the oil sample to a specific pH represents the concentration of
base neutralized acidic sites on the various oil constituents and degradation products.

Analytical Techniques ... ... . ... .. ... . _ ...

Due to the complexity of additive packages used in synthetic oils, analytical
techniques must be utilized to monitor for additive levels, degradation products, and
contaminants. Infrared spectroscopy is capable for such analysis due to equipment
sensitivity and flexibility (12). Spectrometric techniques, such as atomic absorption,
rotrode or rotating disc atorﬁic emission spectroscopy, and inductively coupled plasma
atomic emission spectroscopy are used for elemental analysis of wear metal
concentrations (13-15). Differential scanning calorimetry is used to determine oxidation
onset or autoignition temperature (15). Chromatographic methods, including gas
chromatography and gel permeation chromatography, are used to discern additive
concentrations as well as degradation patterns and products (15-16).

Off-line Techniques

Over the past decade, a number of techniques have been developed to determine
the condition of degraded oil samples. Through the investigations of Kauffman et al., one
particular technique has earned most notable recognition: the Remaining Useful
Lubricant Life Evaluation Rig (RULLER) (17-19). A small sample of degraded oil is
dissolved into a solvent and tested using a voltametric method to determine the

antioxidant concentration is the oil sample. Taking into account that the lubricant begins

to degrade before the antioxidant content is completely depleted, the percent of




antioxidant remaining is related to the remaining useful life of the used oil, thus

determining when an engine’s oil must be changed.

Oil Degradation Mechanisms

The most common mechanisms.for the.degradation of_these polyolester.lubricants......................

are thermal and thermal-oxidation degradation mechanisms (20). Both degradation
processes consist of a free radical chain mechanism, in which free radicals are generated
through either a carbon-carbon scission mechanism [scheme 1, below], a hydroperoxide
radical mechanism {2 and 3}, or through direct reaction with oxygen [4] (16,18,20-24).
Free radical molecules (XH) then act to polymerize other lubricant constituents by
starting reaction chains via abstraction of hydrogen atoms from parent hydrocarbons.
Antioxidant species act to satisfy these free radicals (e.g., R- and RO;-) by donating a

hydrogen [5].

R-CH,-CH; — R- + R-CH,-CH; - (1]
R-+0;,— ROZ- 2]

RO;- + RH — RO,H + R- (3]
RH + O; - R- + HOy- (4]
RO, +XH — RO,H + X- [5]

Primary ester byproducts include hydroxyl groups (-OH), carbonyl groups (-C=0),
alkenes (-C=C-), and conjugated dienes (-C=C-C=0) (16-21). Antioxidant additives act
to eliminate this free radical chain propagation mechanism by donating a proton to the
free radicals, therefore rendering them inactive. The antioxidant molecule then becomes

a free radical, but stabilizes itself usually by a resonance to accommodate the excess




energy (22). In this method, antioxidants retard thermal and thermal-oxidation
degradation mechanisms.

Typical ester degradation products include the formation of carboxylic acids,
ketones, aldehydes, alcohol, water, and the formation of new ester species (16,21). Both
alcohol and water can_form when alkyl hydroperoxides thermally degrade and form
alkoxy and hydroxy radicals [6], which then react with the parent hydrocarbon [7 and 8]
(16). The formation of carboxylic acid, aldehyde, and ketone species involves the
oxidative degradation of the base ester in the presence of a free radical [9] (21).
Transesteriﬁcation, which can result in the formation of either higher or lower molecular
weight molecules, occurs by reaction with an alcohol and is typically catalyzed by a weak
acid [10] (25). The formation of high molecular weight degradation products can occur
by condensation reactions between oxidized ester products [11] and is accompanied by

the generation of water (21).

RH + O, - RO: +-OH [6]
RO- + RH — ROH +R- (71
-OH + RH — HOH +R- (8]
O O R :
R, 2 6] 0] 0]
| 7 oo, I | (|f I I
Ri-C-O-CH === Ri-C-0-G-R3 — R,-C-H + HOO-C-R, — R,-C-OH + HO-C-R;
Ry OOH
(9]
6] 0]
II Acid “

R;-C-O-R; + R3OH — R;-C-O-R3 + R,OH [10]




| o

R;-C-Ry+ CH3-C-R3 <% R;-C-CH,-C-R; «—» C=CH-C-R; + H,0
I !
R, Ry

O @) OH o)
[ [ I

[11]

Objective

The objective of this investigation was to explore the effects of oil degradation on
friction and wear of the silicon nitride/M-50 steel system4 using a conventional synthetic
oil. Oil samples have been thermally degraded and characterized to determine oil -

condition before performing friction and wear tests.

MATERIALS AND METHODS

Samples of as-received synthetic ester-based turbine oil (meeting MIL-L-23699C)
were tested at temperatures of approximately 220, 260, and 290+5°C (referred to as
schedules 1 through 3 respectively) for test periods of 3, 5, 7, and 9 hours (designation
example: Sch 1, 3 hrs). The test apparatus consisted of 500 ml of as-received oil placed
in a 1000 ml Pyrex beaker on a manually controlled heating plate with a K-type
thermocouple inserted into the oil. Humidity was not controlled during these tests. Each
of the twelve test samples represents an independent oil degradation experiment.

Characterization of the degraded oil samples was performed using various
analytical techniques to obtain insight into the physical and chemical changes generated

in the oil samples. Viscosity measurements on the samples were performed using a




variable speed cone and plate viscometer (Brookfield RVDV-III, Brookfield Engineering
Laboratories, Inc., Stoughton, MA 02072). Temperature was held at 40+0.1°C using a
constant temperature water bath. Shear stress and viscosity measurements were made at
shear rates between 0.75 and 450 s”'. Surface tension measurements were made for the
oil samples using the maximum bubble- pressure- - method (SensaDyne: PC9000 Surface
Tensiometer, Chem-Dyne Research Corporation, Mesa, AZ 85275). Concentration of the
antioxidant additive for each sample was determined using the Remaining Useful
Lubricant Life Evaluation Rig (University of Dayton Research Institute, Dayton, OH
45469) (17-19). Changes in acid levels generated during degradation were determined
for each sample using a titration method which generated total acid number values
(ASTM 664-89, using aqueous buffers and titrating to a pH of 11).

Optical absorption characteristics for the oil samples were determined using a
variable wavelength spectrometer (Ultrospec III, Pharmacia LKB Biochrom LTD,
Cambridge, England) with £0.1% accuracy, covering the ultraviolet and visible regions of
the electromagnetic spectrum between 200 and' 900 nm. Total loss edge values were
determined by -extrapolating the tangent for each data curve to the intercept of the
wavelength axis at O transmittance. Additional spectrometry analysis was performed
using transmission FTIR (20SXB and Omnic™ software, Nicolet Instrument Corporation,
Madison, WI 53711) with nitrogen purge, analyzing chemical changes in the oil samples
through analysis of the characteristic vibrational peaks.

Gel-permeation chromatography (Waters™ Chromatography Division, Millipore
Corporation, Milford, MA 01757) was performed using 50 to 300.000 molecular weight

range columns (Phenogel, Phenomenex, Torrence, CA 90301), a UV/VIS detector at 216




nm, and tetrahydrofuran as the solvent carrier. The columns were calibrated using
polystyrene molecular weight standards and toluene. In order to accurately compare
results from each run, the area under each data curve was normalized.

Effects of oil degradation on the friction and wear beha\'/ior of the silicon
nitride/M-50 steel system were measured by tribological experiments using the previously. -
degraded oil samples. The test apparatus was a pin-on-disk machine (ISC-200PC
Tribometer, Implant Sciences Corporation, Wakefield, MA 01880) designed to reflect
boundary lubrication conditions for a liquid environment. Commercial yittria/alumina
doped silicon nitride 3.2 mm diameter bearing grade (surface finish = 0.2 pm) bearing
balls were used as pin materiéls. M-50 steel 41.3 mm diameter rolling elements were cut
into 6.35 mm thick disks uéing a precision wire electrical discharge machine (HS-100,
Raycon Corporation, Ann Arbor, MI 48104), ground and lapped to a 0.2 um surface
finish (Superfinishers, Inc., Macedonia, OH 44056), heat treated to attain high hardness
(Rc>62), and used as disk materials. Parameters for all experiments included a 2000g
(19.61N) load, 8.5 cm/s linear speed, 50% relétive humidity atmosphere, and 25%1°C.
The corresponding initial Hertzian contact stress was 1.6 GPa and the theoretically
predicted initial contact diameter was 111.69 um. Wear track radii on the disk materials
were varied at 10.0, 12.5, and 15.0 mm, allowing for multiple tests on each disk sample.

Friction data determined by lateral displacement at constant load was recorded as
a function of sliding distance for the duration of testing. Coefficient of friction values for
each experiment were taken at sliding distances of 2500 meters. allowing for adequate
run-in time. Analysis of wear tracks for both surfaces was performed using a scanning

electron microscope (6400 Scanning Electron Microscope. Joe!l USA, Inc., Peabody, MA




01961). Wear data for disk materials is reported as wear track thickness/sliding distance
(um/1000m), and wear data for pin materials is reported in terms of the specific wear rate

(weight loss/sliding distance).

RESULTS AND DISCEUSSION e

Results of the techniques used to characterize the oil samples are shown in Table
1. The results show the same general trends for each test method as a function of test
time. As -vi'scosity increased, total loss edge increased, total acid number increased and
antioxidant content decreased, with surface tension remained relatively constant at 0.04
N/m. Antioxidant concentration fell below the 50% level for the most extreme test
samples, suggesting a high degree of degradation. However, TAN results only showed
moderate increases to 1.48 mg KOH/g.

Results for viscosity testing performed at 4010.1°C showed all samples had
Newtonian behavior without Bingham yield points. Viscosity values for each sample are
given in Table 1, where a general trend of increasing viscosity as test time proceeds is
observed for the three schedules. Viscosities for samples from schedule 1 fluctuated
about the 23.2 cP value of the as-received oil sample, whereas results for schedules 2 and
3 yielded significant viscosity increases up to 50%. The observance of an initial negative
change in viscosity of -2.3% for the schedule 1, 3 hour sample is not considered
significant.

Transmittance measurements in the ultraviolet and visible regions performed on
samples from the 290°C heating schedu]e 3 are shown in Figure 1. As with samples for

all three heating schedules. results showed negligible transmission results in the




ultraviolet region, with the majority of relative data existing above 375 nm. Inflections
observed at approximately 525 and 675 nm are equipment specific anomalies, and
therefore do not represent spectral characteristics of the samples. Characteristic to the
data presented was a trend of decreasing transmission as a function of test time.
Variations from the general behavior for these samples -is. attributed to. modest
fluctuations in the heating schedules. Also characteristic to these samples was an
increase in the total loss edge as a function of test time, shown in Table 1.

Comparison of total loss edge data and viscosity results are shown in Figure 2,
where viscosity is plotted in percent change and a master line generated by linear

regression analysis. The regression coefficient (r2) for the line y=54650+544-x was

found to be 0.96, and the slope was 5.4. This correlation suggests that the optical
behavior of the oil samples and the viscosity changes are related, possibly by a common
factor(s). However, the as-received oil sample was found to have a total loss edge value
of 390 nm, which is not consistent with the results for the degraded o1l samples.

Results from infrared analysis yielded pe;aks for the as-received sample as shown
in Figure 3 and Table 2: Strong absorption peaks between 2850-3000 cm™ and a weak
peak at 1465 cm’ reflect hydrocarbon stretch. A strong peak at 1743 cm™ represents one
or more carbonyl peaks for ester structures within the base oil. A variety of lower
intensity peaks between 1000-1465 cm’', which include the C-C(=0)-0 (lactone) and the
O-C-C peaks, were not distinguishable (26). For the degraded oil samples, peak
broadening as a function of test time was observed for the carbonyl peak. This is the

result of the generation of new carbonyl peaks, however the structure(s) associated with




the new species is not discernible. Transesterification, the formation of ketones, and the
formation of carboxylic acids are possible sources for the new carbonyl species (26).
Results from GPC testing for schedule 3 (290+5°C) are shown in Figure 4. The

as-received oil sample showed peaks at 215, 360, 565, 775, and 1125 molecular weights

(MW). As a function.of test time, samples from all three heating schedules..yielded . ... ... ...

decreasing intensities for the 216 and 360 MW peaks, and increasing intensities for the
565, 775, and 1125 MW peaks. Samples for Schedules 2 and 3 showed the generation of
a higher molecular weight species in the form of a broad peak between 1500-3000 MW.
The decrease in intensity for the low molecular weight species can be attributed in part to
evaporation. Increases in the intensity of the higher molecular weight species and the
generation of the 1500-3000 MW peak suggests reaction between the species with
decreasing intensities. Further information is gained from data for the 5 hour test sample
from Schedule 3 (290+5°C), which shows in Figure 4 the generation of two low intensity
peaks at approximately 31,500 and 101,000 MW. For the 7 hour sample, the 31,500 MW
peak is not observed and the 101,000 MW peak is of lower intensity. For the 9 hour
sample, neither peaks are present. These results suggest the generation of high molecular
weight species which are no longer soluble in the oil. These insoluble species are
commonly referred to as sludge. The base ester undergoes a reaction to form new ester,
ketone, or carboxylic acid species which generate higher molecular weight ester species,
which subsequently deposit as a carbonaceous residue.

In order to compare the effects of oil degradation on the friction and wear
behavior of the silicon nitride/M-50 steel system in the current work, a method to

quantify the extent of degradation for samples from each heat schedule was developed.




Since oil degradation is reflected by both physical and chemical changes, and since these
changes are reflected in viscosity and total acid number measurements, a correlation
between these experimental values and the oil condition for each sample must be made.
Assuming that changes in viscosity are the result of the formation of high molecular
weight degradation products which _act. as. particulate. . species _(e.g.,. carbonaceous
particles), the Einstein equation for changes in viscosity as a function of particle volume

for Newtonian fluids (27) may be used:
5
n*=no'(l+5-¢) : (1)

The n* refers to the experimental viscosity, 1, refers to the as-received viscosity, and ¢
refers to the percent particle volume of the system. From this relation, the molal
concentration of particulate species may be determined assuming a set density for the
particulate species (for this étudy the density was assumed to be 2.0 g/cc). From the TAN
values, molal values which reflect the number of Ease neutralized acidic sites may also be
calculated. A combination of the two molal values can be used to generate an overall
molal concentration value for the oil samples:

+
o MTAN T 2)

* *

MTAN +mg
MC refers to the molal concentration of the degraded oil, mran refers to the molal value
calculated from TAN values, my refers to the molal value determined from the particle

volume, m*ran and m*, refer to the molal values for the most degraded sample in the

study (Sch 2, 9 hrs).




Results for coefficient of friction measurements are plotted versus the molal
concentration as shown in Figure 5. Friction values range from 0.08 and 0.12. From the
regression curve drawn for all data points, a general increase in friction is observed as the

degree of degradation increases. Results for wear measurements (see Figure 6) showed

values for the specific wear rate of .the pin surface range between 14.2 and 47.4 pg/m. ...

Rate of wear values for the disk surfaces range between 9.1 and 18.8 pm/1000m (see
Figure 7). However, no correlations were found for the rate of wear versus the overall

molal concentration of degradation products for the lubricant.

CONCLUSIONS

Characterization performed on the oil samples showed viscosity changes between
-2.3% and 49.4% relative to the as-received oil. Results of molecular weight analysis of
the samples for the most extreme testing conditions showed the formation of high
molecular weight species, which subéequently were removed as test time proceeded,
suggesting the formation of insoluble species (sludge). In correlation with infrared
spectrometry results which showed peak broadening, the precise degradation mechanism
for the system at hand could not be determined, as the formation of carboxylic acids,
ketones, and esters (via transesterification) are all possible reaction products.

A linear relationship was found to exist between total loss edge values and
changes in viscosity. This observation suggests that the changes in optical behavior of
the oil are dependent on physical changes which result during degradation. This
correlation also suggests that optical properties may be used to monitor oil degradation

mn-sity.




Results from friction and wear testing of the previously degraded oil samples
under boundary lubrication conditions showed the coefficient of friction to increase with
respect to oil condition. Results for wear measurements under boundary lubrication
conditions showed the rate of wear for both the silicon nitride and M-50 surfaces to be
independent of oil condition with no correlation of rate of wear to the characterization

techniques used for this report.
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Table 1. Physical data determined for individual test samples. “Sch” refers to schedule
number and “hrs” refers to hours tested, where Sch 1=220°C, Sch 2=260°C, and
Sch=290°C (+5°C).: : R e
Sample ID VlSCOSlty Total Loss TAN Antioxidant Surface
(cP) Edge (nm) (mg KOH/g) Content (%) Tension (N/m)

As-received 23.23 390 0.37 NA 0.036
Sch 1,3 hrs 22.69 525 0.58 96 0.039
Sch 1, 5 hrs 24.11 570 0.75 91 0.039
Sch 1,7 hrs 23.81 567 0.69 90 0.037
Sch 1,9 hrs 24.36 616 1.19 "~ 80 0.039
Sch 2, 3 hrs 25.42 565 1.00 85 0.039
Sch 2,5 hrs 26.78 620 1.19 -- 0.039
Sch 2, 7 hrs 28.65 678 1.67 73 0.040
Sch 2,9 hrs 30.03 712 1.87 54 0.040
Sch 3, 3 hrs 26.13 595 0.97 70 0.039
Sch 3, 5 hrs 28.00 675 0.91 58 0.038
Sch 3,7 hrs 32.99 785 1.42 49 0.038
Sch 3, 9 hrs 34.69 810 1.48 48 0.039

Table 2. List of identifiable absorbance peaks in the infrared spectra.

Absorbance Attributed
Peak Vibration
1465 cm’™ Hydrocarbon (C-H)
1743 cm™ Carbonyl (C=0)

2850-3000 cm™  Hydrocarbon (C-H)
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Figure 1. UV/VIS spectrometry data for samples run according to heating schedule 3.
Results show a decrease in transmittance and a shift of the total loss edge to high
wavelengths with decreasing oil condition.
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Figure 2. Total loss edge versus change in viscosity, fitted with the relationship
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properties and the change in viscosity with degradation of the oil is linear.
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Figure 3. Infrared spectra for the as-received, syntheitc ester-based lubricant sample
(MIL-L-23699C). Peaks located between 2850-3000 cm™' and 1465 cm’’ represent
hydrocarbon structures, and the 1743 cm™ peak represents an ester carbonyl peak. Peaks
between 1000-1400 cm™' represent C-O stretch from esters.
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Figure 4. GPC data for Schedule 3 (290+5°C). Arrows indicate direction of changes with
increasing test time. Lower MW species decrease in concentration as higher MW species
and products increase in concentration with test time. The formation and subsequent
removal of high MW degradation products at 101,000 and 31,500 MW suggest sludge
formation.
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Figure 6. Rate of wear data for pin surfaces given in weight loss versus sliding distance
(picograms/meters) plotted against molal concentration of the degradation product for oil
the samples (Eq. (2)). No correlation was found beteen oil degradation rate and rate of
wear of the pin.
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sliding distance (microns/meters) plotted against molal concentration of the degradation
product for oil the samples (Eq. (2)). No correlation is shown between oil degradation
condition and rate of wear of the disk.
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EFFECTS OF OIL DEGRADATION ON THE FRICTION AND WEAR PROPERTIES OF 1!

SILICON NITRIDE/M-50 STEEL SLIDING COUPLES

Robert Sabia, David Mitchell, and James H. Adair
University of Florida

Materials Science and Engineering

Gainesville, FL 32611

ABSTRACT

The effect of oil degradation on the wear behavior of the silicon nitride/M50 steel system
has been studied in order to understand the influences of oil degradation on bearing performance.
Dcgraded oil samples were generated by heating a conventional gas turbine lubricant (MIL-L-
23699) to temperatures between 200-300°C for various times. Sample characterization was
pcrformed using total acid number, antioxidant concentration, rheometry, surface tension,
spectroscopy, and gel permeation chromatography. Coefficient of friction and rate of wear were
mcasured on the oil samples using a pin-on-disk test apparatus under a Hertzian contact stress of
1 6 GPa at 25+1°C. Results show significant physical and chemical changes which could not be

attributed to any specific degradation product. Degradation is shown to increase the coefficient
of friction, with no correlations to wear measurements.

INTRODUCTION

Conventional bearing design incorporates materials with high elastic moduli, such as
metals and ceramics, and the use of liquid lubricants which reflect Newtonian behavior to
generate a contact area which are consistent with elastohydrodynamic lubrication (EHL)
[Den95,Ham85,Jac91,Wak74]. Under proper EHL conditions, the lubricant offers advantages by
cooling the bearing and removing debris from the contact area. Under non-ideal behavior when
surface come into contact (i.e. boundary lubrication conditions) the lubricant serves a second
purpose by lowering the coefficient of friction and thus minimizing wear. The chemical
properties of the lubricant dictate the effectiveness in reducing friction by either forming
protective oxide films (typical of silicon nitride reacting with water and M-50 stesl reacting with
tricresylphosphate) or the formation of organic compounds typically catalyzed by metallic
surfaces [Gat91,Kla91].

Understanding the behavior and effects of oil degradation is critical for two reasons.
First, each lubricant vendor and grade offer variable performance characteristics due to
proprietary additive packages, thus the lubricant selected directly impacts the lifetime of a
bearing. Second, liquid lubricants offer the means for in-situ sampling and monitoring of engine
performance. As a result, the objective for this research is to develop an understanding of the

effects of oil degradation on the friction and wear properties of the silicon nitride/M-50 steel
system using a conventional lubricant.

361

1
IR E
il
I,
|
i
A H
B
!

)




MATERIALS AND METHODS g

Samples of as-received Exxon turbine oil ETO 2380' (MIL-L-23699) were tested at S
temperatures of approximately 220, 260, and 290+5°C (referred to as schedules 1 through 3 j‘_:w 4
respectively) for test periods of 3, 5, 7, and 9 hours (designation example: Sch 1, 3 hrs). The test :
apparatus consisted of 500 ml of as-received oﬂﬁ@\m a 1000 ml Pyrex beaker on a manuauy
controlled heating plate with a K-type thermocouple inserted into the oil. Humidity was not
controlled during these tests. Each of the twelve test samples represents an independent 011 3
degradation experiment.

Characterization of the degraded oil samples was performed using various analynml
techniques yielding insight into the physical and chemical changes generated in the oil samples,
Viscosity measurements on the samples were performed using a variable speed cone and plate
viscometer.> Temperature was held at 4040.1°C using a constant temperature water bath Shw ,
stress and viscosity measurements were made at shear rates between 0.75 and 450 s! Surfaoe -;_f
tension measurements were made for the oil samples using the maximum bubble pressune 3
method.> Concentration of the antioxidant addmve for each sample was determined using the
remaining useful lubricant life evaluation rig* (RULLER) [Kau89,Kau95a,Kau95b]. Changes in 3
acid levels generated during degradation were determined for each sample using a titration
method which generated total acid number values (ASTM 664-89). R

Optical absorption characteristics for the oil samples were determined using a variable
wavelength spectrometer’ with +0.1% accuracy, covering the ultraviolet and visible regions of 33
the electromagnetic spectrum between 200 and 900 nm. Total loss edge values were determined *$§
by extrapolating the tangent for each data curve to the intercept of the wavelength axis at 0:3
transmittance. Additional spectrometry analysis was performed using transmission FTIR® with 3§
nitrogen purge, analyzing chemical changes in the oil samples through analysis of the
characteristic vibrational peaks. ol

Gel-permeation chromatography (GPC),” was performed in the 50 and 300,000
molecular weight range® using a UV/VIS detector at 216 nm and tetrahydrofuran as the solvent 3
carrier. The columns were calibrated using polystyrene molecular weight standards and toluene.%'
In order to accurately compare results from each run, the area under each data curve was
normalized. Ay

Effects of oil degradation on the friction and wear behavior of the silicon nitride/M- SQ
steel system were measured by tribological expenments using the previously degraded. oily
samples. The test apparatus was a pin-on-disk machine,’ designed to reflect boundary lubncatxon '
conditions for a liquid environment. Commercial yittria/alumina doped silicon nitride 3.2 mm,
diameter bearing grade (surface finish = 0.2 pm) bearing balls were used as pin materials. M-SQ" "'

-

! Exxon Company USA, A Division of of the Exxon Corporation, Houston, TX 77252.

2 Brookfield RVDV-III, Brookfield Engineering Laboratories, Inc., Stoughton, MA 02072.
3 SensaDyne PC9000 Surface Tensiometer, Chem-Dyne Research Corporatnon, Mesa, AZ 85275’
4 University of Dayton Research Institute, Dayton, OH 45469. .

3 Ultrospec III, Pharmacia LKB Biochrom LTD, Cambridge, England.

¢ 20SXB and Omnic™ software, Nicolet Instrument Corporation, Madison, WI 53711,

7 600E System Controller, 610 Fluid Unit, 717 Auto Sampler, and 996 Photodiode Array
Detector, Waters™ Chromatography Division, Millipore Corporation, Milford, MA 01757.

® Phenogel 4.6x300 mm columns, with 5 um particles and 100, 500, 10* and 10° A pore sizes,
Phenomenex, Torrence, CA 90501.

® ISC-200PC Tribometer, Implant Sciences Corporation, Wakefield, MA 01880.
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steel 41.3 mm diameter rolling elements supplied by MRC Bearmgs Inc.'® were cut into 6.35

mm thick disks using a precision wire electrical discharge machine,'" ground and lapped to a 0.2
um surface finish,'? heat treated to attain high hardness (R;>52), and used as disk materials.
parameters for all experiments included a 2000g (19.61N) load, 8.5 cm/s linear speed, 50%
relative humidity atmosphere, and 25+1°C. The corresponding initial Hertzian contact stress
was 1.6 GPa and the theoretically predicted initial contact diameter was 111.69 um. Wear track
radii on the disk materials were varied at 10.0, 12.5, and 15.0 mm, allowing for multiple tests on
cach disk sample.

Friction data determined by lateral displacement at constant load was recorded as a
function of sliding distance for the duration of testing. Coefficient of friction values for each
cxperiment were taken at sliding distances of 2500 meters, allowing for adequate run-in txme
Analysis of wear tracks for both surfaces was performed using a scanning electron microscope.'?
Wear data for disk materials is reported as wear track thickness/sliding distance (pm/1000m),
and wear data for pin materials is reported in terms of the specific wear rate (weight loss/sliding
distance).

RESULTS AND DISCUSSION

Results of the techniques used to characterize the oil samples are shown in Table 1. The
results show the same general trends for each test method as a function of test time. As viscosity
incrcased, total loss edge increased, total acid number increased, antioxidant content decreased,
and surface tension remained relatively constant at 0.04 N/m. Antioxidant concentration fell
below the 50% level for the most extreme test samples, suggesting a high degree of degradation.
However, TAN results only showed moderate increases to 1.48 mg KOH/g.

Table 1. Physical data determined for individual test samples. “Sch” refers to schedule number
and “hrs” refers to hours tested, where Sch 1=220°C, Sch 2=260°C, and Sch=290°C (£5°C).
Sample ID  Viscosity Total Loss TAN Antioxidant Surface
(cP) Edge (nm) (mgKOH/g) Content (%) Tension (N/m)

As-received 23.23 390 0.37 NA 0.036
Sch 1, 3 hrs 22.69 525 0.58 96 0.039
Sch 1, 5 hrs 24.11 570 0.75 91 0.039
Sch 1, 7 hrs 23.81 567 0.69 90 0.037
Sch 1,9 hrs 24.36 616 1.19 80 0.039
Sch 2, 3 hrs 2542 565 1.00 85 0.039
Sch 2, 5 hrs 26.78 620 1.19 - 0.039
Sch 2, 7 hrs 28.65 678 167 73 0.040
Sch 2, 9 hrs 30.03 712 1.87 54 0.040
Sch 3, 3 hrs 26.13 595 0.97 70 0.039
Sch 3, 5 hrs 28.00 675 0.91 58 0.038
Sch 3, 7 hrs 32.99 785 1.42 49 0.038
Sch 3, 9 hrs 34.69 810 1.48 48 0.039

MCR Bearing Division of SKF Aerospace Bearings, USA, Inc., Jamestown, NY 14702,
HS 100, Raycon Corporation, Ann Arbor, MI 48104,

SUperﬂmshers Inc., Macedonia, OH 44056.

" 6400 Scanning Electron Microscope, Joel USA, Inc., Peabody, MA 01961.
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Results for viscosity testing performed at 4010.1°C showed all samples to exhibit
Newtonian behavior without Bingham yield points. Viscosity values for each sample are given in
Table 1, where a general trend of increasing viscosity as test time proceeds is observed for the
three schedules. Viscosities for samples from schedule 1 fluctuated about the 23.2 cP value of the
as-received oil sample, whereas results for schedules d 3 yielded significant viscosity
increases up to 50%. The observance of an initial negative change in viscosity of -2.3% for the
schedule 1, 3 hour sample is not considered significant

Transmittance measurements in the ultraviolet and' visible regions performed on
samples from the 285°C heating schedule are shown in Figure 1. As with samples for all three
heating schedules, results showed negligible transmission results in the ultraviolet region, with
the majority of relative data existing above 375 nm. Inflections observed at approximately 525
and 675 nm are equipment specific anomalies, and therefore do not represent spectral
characteristics of the samples. Characteristic to the data presented was a trend of decreasing
transmission as a function of test time. Variations from the general behavior for these samples is
attributed to modest fluctuations in the heating schedules. Also characteristic to these samples
was an increase in the total loss edge as a function of test time, shown in Table 1.

N O ~N

0 Hours

N W

Transmittance
-t H
O O O O O O © O o
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Figure 1. UV/VIS spectrometry data for samples run according to heating schedule 3.

Comparison of total loss edge data and viscosity results are shown in Figure 2, where
viscosity is plotted in percent change and a master line generated by linear regression analysis.
The regression coefficient (12) for the line y =54650+544-x was found to be 0.96, and the

slope was 5.44. This correlation suggests that the optical behavior of the oil samples and the

viscosity changes are related, possibly by a common factor(s). However, the as-reccived oil

sample was found to have a total loss edge value of 390 nm, which is not consistent with the‘

results for the degraded oil samples.
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Figure 2. Total loss edge versus change in viscosity, fitted with the relationship
y = 54650 +544-x and 95% confidence intervals.

Results from infrared analysis yielded peaks for the as-received sample as follows (see
Table IT): Strong absorption peaks between 2850-3000 cm™ and a weak peak at 1465 cm™ reflect
an alkane structure. A strong peak at 1743 cm™ represents one or more carbonyl peaks for ester
structures within the base oil. A variety of lower intensity peaks between 1000-1465 cm™, which
include the C-C(=0)-O (lactone) and the O-C-C peaks, were not distinguishable.[Sil81] For the
degraded oil samples, peak broadening as a function of test time was observed for the carbonyl
peak. This is the result of the generation of new carbonyl peaks, however the structure(s)
associated with the new species is not discernible. Transesterification, the formation of ketones,
and the formation of carboxylic acids are possible sources for the new carbonyl species.[ Sil91]

Table IT. List of identifiable absorbance peaks in the infrared spectra.
Absorbance Peak  Attributed Vibration

1465 cm™! Alkane (C-H)
1743 cm™ Carbonyl (C=0)
2850-3000 cm’™! - Alkane (C-H)

Results from GPC testing for schedule 3 (290+5°C) are shown in Figures 3. The as-
received oil sample showed peaks at 215, 360, 565, 775, and 1125 molecular weights (MW). As
2 function of test time, samples from all three heating schedules yielded decreasing intensities for
the 216 and 360 MW peaks, and increasing intensities for the 565, 775, and 1125 MW peaks.

ples for Schedules 2 and 3 showed the generation of a higher molecular weight species in the




form of a broad peak between 1500-3000 MW. The decrease in intensity for the low molecular
weight species can be attributed in part to evaporation. Increases in the intensity of the higher
molecular weight species and the generation of the 1500-3000 MW peak suggests reaction
between the species with decreasing intensities. Further information is gained from data for the
5 hour test sample from Schedule 3 (290+5°C), which shows in Figure 3 the generation of two
low intensity peaks at approximately 31,500 and 101,000 MW. For the 7 hour sample, the
31,500 MW peak is not observed and the 101,000 MW peak is of lower intensity. For the 9 hour
sample, neither peaks are present. These results suggest the generation of high molecular weight
species which are subsequently removed, a process referred to as coking. Comparing these
results with infrared data, a general description of the coking process can be drawn. The base
ester undergoes a reaction to form new ester, ketone, or carboxylic acid species which generate
higher molecular weight ester species, which subsequently deposit as a carbonaceuos residue.

2
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100000 10000 1000

Molecular Weight

et
ik
Figure 3. GPC data for Schedule 3 (290+5°C). Arrows indicate direction of changes w1th
increasing test time.

In order to compare the effects of oil degradation on the friction and wear behavior of
the silicon nitride/M-50 steel system in the current work, a method to quantify the extent of -
degradation for samples from each heat schedule was developed. Since oil degradation is
reflected by both physical and chemical changes, and since these changes are reflected
viscosity and total acid number measurements, a correlation between these experimental valu&s
and the oil condition for each sample must be made. Assuming that changes in viscosity are th
result of the formation of high molecular weight degradation products which act as particul
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species (e.g., carbonaseuos particles), the Einstein equation for changes in viscosity as a function
of particle volume for Newtonian fluids [Ein56] may be used:

5
n*=no-(l+5-¢) )

The n* refers to the experimental viscosity, n, refers to the as-received viscosity, and ¢ refers to
the percent particle volume of the system. From this relation, the molal concentration of
particulate species may be determined assuming a set density for the particulate species (for this
study the density was assumed to be 2.0 g/cc). From the TAN values, molal values which reflect
the number of base neutralized acidic sites may alos be calculated. A combination of the two
molal values can be used to generate an overall molal concentration value for the oil samples:

m +m

me=— 7% @

MTAN +mg
MC refers to the molal concentration of the degraded oil, mray refers to the molal value
calculated from TAN values, m, refers to the molal value determined from the particle volume,
m*ray and m*, refer to the molal values for the most degraded sample in the study (Sch 2, 9 hrs).

Results for coefficient of friction measurements are plotted versus the aforementioned

molal concentration as shown in Figure 4. Friction values range from 0.08 and 0.12. From the
rcgression curve drawn for all data points, a general increase in friction is observed as the degree
of degradation increases. Results for wear showed values for the specific wear rate of the pin
surface range between 14.2 and 47.4 pg/m. Rate of wear values for the disk surfaces range
between 9.1 and 18.8 um/1000m. No correlations were found for the rate of wear versus the

" overall molal concentration.
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Figure 4. Coefficient of friction data for oil samples plotted versus molal concentration of the
degradation product (Eq. (2)).
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CONCLUSIONS

Characterization performed on the oil samples showed viscosity changes between -2.3%
and 49.4% relative to the as-received oil. Results of molecular weight analysis of the samples for
the most extreme testing conditions showed the formation of high molecular weight species,
which subsequently removed as test time proceeded, suggesting coking behavior. In correlation
with infrared spectrometry results which showed peak broadening effects, the degradation
mechanism for the system at hand could not be determined, as the formation of carboxylic acids,
ketones, and esters (via transesterification) are all possible reaction products.

A linear relationship was found to exist between total loss edge values and changes in
viscosity. This observation suggests that the changes in optical behavior of the oil is dependent
on physical changes which result during degradation. This correlation also suggests that optical
properties may be used to monitor oil degradation in-situ.

, Results from testing friction and wear testing of the previously degraded oil samples
under boundary lubrication conditions showed the coefficient of friction to increase with respect
to oil condition. Results for wear measurements under boundary lubrication conditions showed
the rate of wear for both the silicon nitride and M-50 surfaces to be independent of oil condition
with no correlation of rate of wear to the characterization techniques used for this report.
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Traction Behavior and Physical Properties of Powder Graphite
Lubricants Compacted to Hertzian Pressure Levels

by
Sathish Atluri and Don W. Dareing

ABSTRACT

The paper gives a method for predicting traction coefficients of graphite
powder lubricants. The analysis is based on the assumption that unconsolidated
powder lubricants behave as elastic solids when compressed to Hertzian pressure
levels in rolling contact regions. This assumption is supported by the classic work of
P. W. Bridgman who studied the effects of extreme pressure on physical properties
of several chemical substances, including graphite. The paper also gives bulk
modulus data for graphite powder comiaresse‘d up to 690 MPa (100,000 psi) and
shows how this property can be used to predict the film thickness of graphite

powder in Hertzian contact.

INTRODUCTION

The objective of this study was to analytically predict traction coefficients for
dry graphite powder lubricants. The basic assumption here is that a thin film of
highly compacted graphite powder can be analyzed as a solid film having elastic
properties up to the point of yielding. This assumption is consistent with the
experimental work of Bridgman (1) (2) (3). Graphite powder lubricants are assumed
to be unconsolidated prior to entry to a Hertzian contact region. Once delivered into
the contact region, the powder lubricants are compacted to Hertzian pressure levels
and undergo physical changes.

The analytical prediction of traction coefficients for solid films typically

require the following information:
. thickness of the solid film or coating
1




J shear strength of the solid film (lubricant)

. coefficient of friction between solid film and contact surface
. Modulus of elasticity/rigidity
. Poisson's ratio

The film thickness of a compacted graphite film is not initially known but can be
predicted from calculations based on bulk modulus, which is a function of Hertzian
pressure. A procedure for computing film thickness is given later in the paper.
Film thickness also depends on delivery rate of the powder lubricant and speed of
rotation of the disks as well as load. Bulk modulus for a premium graphite powder
was determined as part of this study up to a compressive stress of 690 MPa (100,000
psi). This stress level is adequate to cover the exampAle traction calculations given in
the paper.

The shear strength of highly compacted graphite powder is also documented
in Bridgman's (1) (2) (3) papérs. The coefficient of friction of compacted graphite was
established by Boyd and Robertson (6). The modulus of elasticity/rigidity was
extracted from the bulk modulus. Poisson’s ratio was approximated using data
given in reference (7).

Both the modulus of elasticity (E) and modulus of rigidity (G) affect the
flexibility matrix used to determine surface displacements in the Hertzian contact
region. Lower value of E and G give lower values of surface shear stress and a
reduction in traction coefficients for a given slip velocity ratio.

The sections below describe the experimental steps that were taken to
determine bulk modulus and how all the above information was used to determine
traction coefficients for graphite films. The study also gives a direct method for

predicting film thickness of dry powder lubricants using bulk modulus data.




PHYSICAL PROPERTIES OF COMPACTED GRAPHITE POWDER LUBRICANTS
Shear Strength: Bridgman (1) (2) (3) studied the shearing phenomena of a
number of chemical substances including carbon (graphite). His experimental

arrangement is illustrated in Figure 1 and is explained by Bridgman as follows:

“Two cylindrical blocks, B ("pistons”), of hardened steel of the
highest physical properties carry very short cylindrical bosses about 6.33
mm. in diameter, ground flat on the face. Between the two cylindrical
blocks there is a rectangular block, C ("anvil”), of steel of the same
quality, ground flat and parallel on the two surfaces facing the blocks.
The material to be studied is placed at A in the form of a thin disk
between each piston and the anvil. The whole combination is
mounted under the plunger of a hydraulic press by means of which the
pistons can be pushed against the anvil with any desired force up to the
maximum which the steel will support, which under these conditions
is 50,000 kg./cm.2 or even more.” _

"At very low pressures on the pistons rotation of the anvil is
permitted by simple slip of the material A on the steel, and the turning
moment gives at once the coefficient of friction. In the initial range, in
which the coefficient of friction is approximately constant, the curve of
torque rises linearly with pressure. With most substances a point is
soon reached, however, at which the shearing stress applied to the
substance by friction becomes equal to the shearing strength of the
material itself. When this point is reached, slip at the surface ceases,
and from here on rotation is accompanied by internal plastic flow of
the material. This point is manifested on the curves of “normal”
substances by a more or less pronounced knee.”

“Beyond the knee the curve of torque against pressure
determines the shearing strength (i.e., the maximum shearing stress
that the material will support without plastic yield) as a function of
average pressure.”
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Figure 1. Schematic of Bridgman's Test Fixture

(Reference 3)




Figure 2 shows typically how shearing stress varies with applied pressure for
the substances tested by Professor Bridgman. Slippage occurs at the interface
between the test material and steel surface up to point "a." Also over this range
shearing deformation within the test material are elastic. The coefficient of friction
can be determined from the data at any point. The portion of the curve beyond
point "b" shows how yield strength varies with applied pressure. Beyond point "b"

plastic deformations occur within the test material when slippage does occur.

“The knee between “a” and "b" is often rounded instead of
sharp, because the pressure is not uniform across the surface of the

pistons.”

Professor Bridgman does not give a shear- stress/pressure curve for graphite,
but does report a shear strength of 10,000 kg/cm?2 at a pressure of 50,000 kg/cm?.
These numbers are represented by point "c" in Figure 2. Note that the effective
coefficient of friction at this load level is 0.2 and that slippage took place internally
and not at the graphite/steel surface interface.

Coefficient of Friction: Boyd and Robertson (6) used a test rig patterned after
the one by Bridgman (3) to determine the coefficient of friction of liquids, semi-
solids, and solid materials, including graphite, at applied pressures up to 2760 MPa
(400,000 psi). Test results indicate that graphite powder lubricants compacted to a
pressure level of 2760 MPa have coefficients of friction between 0.036 and 0.058.
Bridgman's discussion of this paper suggested that at the 2760 MPa pressure level
slippage probably occurred internally to the test specimen due to plastic flow and not
at the interface with the anvil. Peterson and Johnson (8) report coefficients of

friction for graphite of 0.06 and 0.11.
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Figure 2. Typical Test Results of Shearing Stress Versus Applied Pressure




Bulk Modulus of Compacted Graphite Powder: Bulk Modulus is defined as
the ratio of incremental change in average stress to the corresponding unit volume
compression. Bulk modulus (K ) relates to modulus of elasticity (E) through (see
Timoshenko and Goodier (9))

Km = ﬁ (1)
where (v) is Poisson's ratio. This formula applies strictly to an isotropic, linearly
elastic solid and is used later to extract the modulus of elasticity from experimentally
determined values of bulk modulus for highly compressed graphite. Bulk modulus
is also used in the paper to predict the minimum film thickness in Hertzian contact
regions. Both E and h are used in predicting traction coefficient curves. Bulk
modulus is not a constant for compacted graphite powder but varies with
compaction pressure (also see Atluri (10)). -

Bulk modulus was determined during this study by compressing graphite
powder within a cylinder by means of a solid ram (see Figure 3). The compressive
force was generated by a materials testing machine which has the capacity to apply
up to 889.64 kN (200,000 lbs) force. Applied loads up to 222.41 kN (50,000 lbs) were
applied giving 690 MPa (100,000 psi) compressive stress on the graphite sample. The
maximum compressive stress was limited by the strength of the cylinder material,
which was high tensile steel (H5420) having a yield strength of 1449 MPa (210 ksi).

The axial stress on the graphite plug generated lateral pressure on the inside
wall of the cylinder. The magnitude of this pressure was determined by use of
tangential strain measurements at the outside surface of the cylinder (Figure 3).
Strain gages were positioned at two locations on the outer surface for this purpose.
These strain measurements were also used to determine volume changes of the

graphite plug associated with radial expansion.
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Figure 3. Test Fixture Used in Compressing Graphite Powder (reference 10)




The experiments were conducted at room temperature. Dry graphite powder
was placed inside the cylinder barrel in small volume increments until a height of
50.8 mm (2 inches) of the sample was reached. Initially the graphite powder settled
essentially from its own weight. A positive axial load on the graphite powder could
not be measured until a certain degree of compaction was reached, i.e., when most
of the air in the sample was removed. From that point, the load was applied in
steps of 8900 N (2000 Ibs) and the corresponding displacement of the ram was
measured. Load on the ram reached a maximum level of 222.41 kN (50,000 1bs),
developing an axial compressive stress of 690 MPa (100,000 psi) (cross sectional area
of the ram was 322.58 mm? (0.5 in2).

A typical test included measurements of axial force applied to the ram, axial
travel of the ram, and circumferential strain measurements at the outside surface of
the test cylinder. At the beginning of each tc;.st, the ram moved a considerable
distance with little required force until the air within the sample was removed; for
more details of the test set-up and procedure, see Atluri (10).

Mathematically, bulk modulus is defined as

Ky = - L0 )
dv
v
where
dv - change in volume due to applied doavg
v - volume corresponding to Gavg
dcavg - incremental change in average stress
Cavg - (61+02+03)/3
In the test procedure described above,
61 = O©a (axial compressive stress)
oy = o = P1
o3 = o = Pq




SO
Oavg = 22 L2 ®
The change in volume, dv, includes the effects of axial displacement of the
ram and radial ballooning of. the cylinder. Axial displacements of the ram were
measured directly. Radial displacements (6r1) of the inside surface of the cylinder
and internal pressure (P1) were calculated from the tangential strain measurements
on the outside surface of the cylinder using Lame's thickwall cylinder equations and
the constitutive equations for elastic materials.
The volume of graphite inside the cylinder corresponding to a given axial
stress condition was determined from,
v=nm (ri + 8r,-)2 l; 4)
where (1) is the length of the sample inside the cylinder. This length is determined
by subtracting ram displacement from the initial height of graphite powder in the
test cylinder.
The above equations were then used to calculate bulk modulus of compacted
graphite powder at the various compaction loads.

In finite difference form, the bulk modulus equation becomes,

(c,, + 2P,-)
Kp=-—"-3— ©)

Av
v

where (0,) and (v) are measured directly and (P;) and (Av) are calculated from
measured data as explained above.

Typical test data generated from the test rig and the above formulations are
given in Table I. One of the first observations from testing was the similarity of the
magnitudes of the applied axial stress and the radial stress (or pressure) at the inside
surface of the test cylinder; notice the similarity between- the stress levels in the

fourth and fifth columns. These data show that the graphite plugs generated high
10 : .




radial pressures within confined boundaries. This feature was manifested in all of
the testing on several different high quality, graphite powder lubricants. This radial
stress on the test cylinder, along with tangential stress, combined to produce high
von Mises stress levels and caused failure in early test cylinder designs.

The total volume (second column, Table I) of the graphite plug within the
test cylinder includes the radial expansion of the inside surface of the test cylinder
due to the radial stress (or pressure).

A plot of the average stress on the graphite plug versus volume is given in
Figure 4. The bulk modulus can be determined either numerically according to
equation 5 or analytically using equation 2 (after curve fitting the data). The curve
fitting approach produces a more uniform‘determination of bulk modulus and was
applied here. The curve in Figure 4 is developed from

Cavg = 1. cl4 vavg-14.766 ©)
which gives a reasonable representation of the data. The bulk modulus in the last
column of Table I was determined by applying equation (2) to the above curve fit
equation.

The curve in Figure 5 shows how bulk modulus changes with average
stresses up to 690 MPa using the curve fitting approach.

Table II gives Bridgman's (4, 5) compression data for Ceylon graphite. Note
that bulk modulus at 25,000 kg/cm? is:

_ 30,000 - 25,000

Kn o 0.947
Km = 676,428 kg/cm?
or |
Km =132.6 GPa
at a pressure of 4900 MPa.
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Table 1.

Compaction Test Results at Room Temperature
(Premium Graphite Grade)

Stress in  Radial Axial Average Bulk

Length  Volume Theta Dir.  Stress Stress Stress Modulus
(cm) (cu. cm.) (MPa) (MPa) (MPa) (MPa) (GPa)
5.0800 16.3983 0.00 0.00 0.00 0.00-

2.1252 6.8639 35.72 64.64 107.64 78.97 1.10
2.0790 6.7158 48.76 88.22 140.07 105.51 1.52
2.0469 6.6130 56.00 101.33 165.60 122.75 1.91
2.0184 6.5220 66.14 119.67 193.20 144.18 2.34
2.0028 6.4724 77.49 140.20 222.18 167.53 2.61
1.9828 6.4092 88.90 162.48 250.47 191.81 3.02
1.9650 63528  101.62 183.88  276.00 214.58 3.43
1.9544 6.3194 113.94 206.16 307.74 240.02 3.71
1.9472 6.2972 122.63 221.88 333.27 259.01 3.90
1.9401 6.2754 136.63 247.21 358.80 284.41 4.11
1.9223 6.2188 146.29 264.68 389.57 306.31 4.69
1.9188 6.2084 158.36 286.52 415.38 329.48 4.81
1.9131 - 6.1913 173.56 314.04 444.36 357.48 5.01
1.9081 6.1762 183.70 332.39 467.82 377.53 5.19
1.8988 6.1473 195.29 353.35 499.56 402.08 5.56
1.8903 6.1206 206.39 373.44 528.44 425.14 5.93
1.8796 6.0870 217.49 393.53 552.00 446.35 6.43
1.8739 6.0697 229.57 41537 581.67 470.81 6.70
1.8646 6.0409 242.60 438.96 609.27 495.73 7.18
1.8582 6.0214 257.09 465.16 636.18 522.17 7.53
1.8525 6.0041 269.40 487 .44 660.61 545.16 7.86
1.8362 5.9519 279.06 504.91 670.68 560.17 8.93
NOTE: Initial height of graphite sample = 5.08 cm.
Area of the compression chamber = 3.2258 sq.cm.
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Table II.
Compressibility of Ceylon Graphite
Bridgman (4, 5)

Pressure Volume
kg/cm?

1 1.000
25,000 .947
30,000 .940
40,000 929
50,000 919
60,000 911
70,000 .903
80,000 .896
90,000 .890

100,000 .885

FILM THICKNESS OF GRAPHITE POWDER IN HERTZIAN CONTACT

This section gives a procedure for predicting the rate of flow of graphite
powder required to establish and maintain a given film thickness between
rolling/sliding discs commonly used in traction tests. The procedure is based on
simple compaction of dry powder within the Hertzian contact region using bulk
modulus data. Compaction pressure is assumed to be constant throughout the film
and equal to the average of the Hertzian pressure distribution. This approach is
different from Heshmat (11) who postulates that the behavior of powder lubricants
in rolling contact bearings is akin to that of liquid lubricants.

Side leakage from the contact region will affect the prediction to some extent.
Bridgman (4) (5) ignored this effect in his measurements of compressibility by
reasoning that friction forces at the interface oppose side leakage. Side leakage was
apparently not a concern, although film thickness was 0.0025 cm and greater... "the
dimensions of the apparatus were such that the film thickness was véry seldom
reduced below 0.0025 cm and for most substances the thickness was several times as
great as this." The thickness of solid films in rolling contact applications is typically

smaller than 0.0025 cm; usually in the neighborhood of 0.00254 mm.
13




MPa)

(

AVERAGE STRESS

700

600
500 \ |
N
N
400 .
\gi B
300 A -
* (]
200 ; J
I~
gl ow
0 L
59 6.0 6.1 82 63 6.4 65 66 6.7 68 69 7.0

VOLUME (cm?3)
o3
£ Y-
i le
Figure 4. Average Stress versus Volume

t (Premium Graphite Grade)

14




BULK MODULUS (GPa)

()
J

0
1

&)
]

i

e

Y

- - —

d

0 100
AVERAGE STRESS (MPa)

200 300 400 500

Figure 5.  Average Stress versus Bulk Modulus

(Premium Graphite Grade)

15

600




Consider a volume between two contacting surfaces defined by height (H),
width (2a) and depth (B). Assume that this volume is filled with unconsolidated
graphite powder at atmospheric pressure {Figure 6). Next, assume that the volume
is compacted to a new height of (h) as a result of a uniform pressure, p, defined by
the average of the Hertzian pressure distribution. The relation between average
pressure and film thickness (h) can be determined through the use of bulk modulus
data as explained below.

The graph of bulk modulus versus average stress (Figure 5) can be
approximated by a straight line represented by the following equation:

Ky = mp ' )
where (m) is the slope of the line, (m = 14.635 for the line in Figure 5) and (p) is
average Hertzian pressure in the contact area.

Pressure-volume data at average appli;ed pressures near zero were not
recorded. More data over the low pressure range is needed for bulk modulus
determination. For film thickness calculation purposes in this paper, bulk modulus
is assumed to be constant and equal to 1/2 of the bulk modulus at the lowest
measured average stress or 1/2 (1.10) = 0.55 GPa (see Figure 5) at pressures near zero.

Integration of equation 2 gives

! 2
i ;:50 +fl -‘i% = In (%%) (8)
or |
Kiw(pl-po)+-n11—lnr;—f=ln—z-?—+lng—é- 9)
Separating the compression over 0-1 limits from 1-2 limits gives
K}no p1=In z—g (10)
and
2o @
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where

vg = H2aB
vp = h2aB
and v] is an intermedia volume.
For the data in Table I
P; = 78.97 MPa
Ko = 055GPa
m = 14.635

Equations (10) and (11) are solved together to determine the relation between vg
and vy.

The volumetric flow rate of unconsolidated graphite powder (Qg) is given by,

Qg = vo/ At (12)
and

U = 2a /At (13)

where (U) is average tangential velocity of the discs. Therefore,
Q; =(voU)/2a (14)
Combining equations 10, 11 and 14 gives the volumetric flow rate of
unconsolidated graphite powder required to establish a given film thickness (h)
corresponding to an average Hertzian pressure level of (pavg)-
The corresponding weight rate of flow of unconsolidated graphite powder is
determined by,
Qg = Q% (15)
The above equation represents the weight rate of flow of unconsolidated
graphite powder that has to be supplied to the Hertz contact region to establish a
film of thickness (h) for a given load level.

18




PREDICTING TRACTION COEFFICIENTS FOR GRAPHITE FILMS

This section gives a procedure for predicting tractibn coefficients for dry
powder lubricants compressed by Hertzian contact. The method treats the
compacted film as a solid having perfectly elastic properties and requires the
knowledge of the physical properties mentioned earlier.

The method of solution for predicting traction coefficients for graphite
powder follows the method developed by Dareing (12) for predicting traction
coefficients for solid lubricants (Teflon) working against soft metal coatings. Other
methods of solution are given by Kannel and Dow (13) and Barber and Kannel (14).

What is unknown in this case is the plane at which the graphite will slip or
fail. Slippage could occur at the substrate/graphite interface or within the graphite
film itself. The total shear force can be determined only after the plane of slippage
or failure has been established.

If the shear strength of the compacted graphite is greater than the product of
the contact stress and the coefficient of friction at the subsffate/ graphite interface,
slippage will occur at the interface with no failure within the film. On the other
hand, if the shear strength of thé compacted graphite is less than the limiting value
(f x p) at the interface, slippage will occur internal to the film.

The location of the slippage plane in the latter case can be determined by
dividing the film thickness into two films separated by an assumed plane. If the
corresponding shear stress along this assumed plane is greater than the shear
strength of graphite, failure along this plane is possible. The weakest plane can be
determined by repeating this exercise at different planes in the film. This
calculation requires shear stress-pressure data which is not available in the literature

and is therefore beyond the scope of this paper.
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The data provided by Professor Bridgman shows that internal slippage occurs
under extreme pressures while slippage at tlie substrate/graphite interface occurs at

the lower pressures (see Figure 2).

Example Calculation:

Calculations presented here are based on two 15.24 cm (6 inch) diameter discs
of 25.4 mm width pressed together at three different force levels. Physical responses
within the contact region corresponding to these loads are given in Table II. Because
of the low level of Hertzian pressure (pmax is less than 690 MPa (100,000 psi) in all
three cases), slippage is assumed to occur at the graphite/surface interface where the
coefficient of friction is assumed to be 0.10. Furthermore, bulk modulus
information given in Figure5 apply. The modulus of rigidity, G, of compacted
graphite is calculated at the different load levels assuming a Poisson ratio of 0.25.

Film thickness in each case is assumed to be 0.00254 mm.

Table III
Physical Responses Within the Contact Region
Normal Contact Maximum Average Bulk Modulus of

Force Width Pressure Pressure Modulus Elasticity

w 2a Pmax Pavg Km Eg

N cm MPa MPa GPa GPa
4,450 0.0546 408.48 317.40 4.658 6.983
8,900 0.0772 577.53 453.33 6.728 10.088
13,350 0.0947 707.25 555.45 8.280 12.420

The traction shear stress distribution for this set of numbers and a slip velocity ratio
of 0.0005 is calculated according to the preceding theory.

Calculated data corresponding to a load of 4.45 kN show that graphite sticks to
the substrate over the initial contact zone from x = 0 to x = 0.36424 mm. Beyond this
point the graphite film slides on the substrate surface. The traction coefficient under
the 4.45 kN load and the slip velocity ratio of 0.0005 is equal to 0.0725. This point is

identified in Figure 7 as a dot on the 4.45 Ky, curve.
20




The three traction curves in Figure 7 correspond to the three normal forces in
Table III. All three traction coefficient curves (Figure 7) approach the assumed value
of the coefficient of friction (f = 0.1) for graphite on steel at high slip velocity ratios.

The volumetric flow of unconsolidated graphite powder to maintain a film

thickness of 0.00254 mm under, say, the 4,450 N normal contact force is determined

as follows:
U = 3989.83 mm/sec (100 rpm)
h = 0.00254 mm
B = 254 mm
Pavg = 3174MPa
m =  14.635 (dimensionless)
P1 - 7857 MPa
Kmw = 055GPa

From equation (11)

317. =< hy )14.635

78.97 0.00254

h1 = 0.00279 mm
From equation (10)

7897 _ |n (LI_)

- 550 h;

H = 0.002932 mm
From equation (14)

_(H2aB)U

Q= 2a

Qg= (0.002932)(25.4)(3989)

Qe= 297.1 mm3/sec

The required volumetric flow is therefore 0.297 cm3/sec.
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This assumes fresh graphite powder is continuously fed into the contact

region and the compressed graphite is discarded after leaving the contact region.

CONCLUSIONS

The paper gives a procedure for predicting traction coefficients for powder
lubricants compressed to Hertzian contact pressures. The method of analysis
requires prior knowledge of physical properties of the powder lubricant under
extreme pressures. Relevant physical properties are: bulk modulus, shear strength,
coefficient of friction, modulus of elasticity/rigidity and Poisson’s ratio. Each of
these physical properties depend on the magnitude of applied compressive stress.
Expected minimum film thickness of powder lubricants in Hertzian contact is also
predicted using bulk modulus/pressure data.

The data given in this paper were obtained at atmospheric temperatures and
at compressive stress levels up to 690 MPa (100,000 psi). Powder lubricants being
considered for high temperature applications can be analyzed with this method but

would require the above physical properties at the specified temperature.
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NOMENCLATURE

Kmn

E

v

Cavg

01, G2, O3
Ca

Bulk Modulus of Elasticity (GPa)

Modulus of Elasticity (GPa)

Poisson's ratio

Average Stress (MPa)

Principal Stresses (MPa)

Axial Compressive Stress (MPa)

Radial Stress (MPa)

Tangential Stress (MPa)

Volume (cm3)

Change in Volume (cm3)

Internal Pressure Py = o; = og (MPa)

Average Hertzian contact pressure (MPa)

Radial Strain Inside the.Cylinder

Length of Compacted Graphite Powder (cm)

Hertzian Contact Width (mm)

Height of Uncompacted Graphite Powder (cm)

Film Thickness (mm)

Volumetric Flow Rate of Unconsolidated Graphite Powder
(ecm3/sec)

Weight Flow Rate of Unconsolidated Graphite Powder (N/sec)
Specific Weight of Unconsolidated Graphite Powder (N/cm3)

Depth of Hertzian Contact (cm)
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ABSTRACT

Modem ball bearings used under high speed applications (50,000 to 100,000 RPM or more) can
be subject to very high rates of wear, heat generation, and torque input requirements. A major
contribution to these frictional losses is the slip and deformation at the ball/race contact points.
This study was conducted to evaluate the above parameters of radial ball bearings for micro-
slippage and elastic deformation mechanisms and also to accomplish performance predictions
of ceramic balls in hybrid radial ball bearings and compare them to the performance of
conventional bearings with steel roller balls. This study is part of a broader research effort to
establish probable modes of failure of ceramic material used in aerospace applications.
Performance predictions are based on the mechanism of micro slippage within Hertzian contact
regions. As part of the study, software was developed to predict micro slippage between bearing
races and roller balls, tractive forces, and traction coefficients. Energy losses (heat generation
and torque) and wear rate are predicted for various cqmbinations of bearing geometry, material
properties, loads, surface conditions, and rotational speeds. Example calculations predict that a
Si3N4 ceramic ball bearing would have much lower losses than the steel ball bearing and also
that at rotational speeds above 50,000 RPM heat generation, wear rate, and torque rise
dramatically for both materials as angular velocity increases.




INTRODUCTION

The bearings considered are radial roller ball bearings designed for radial loads only (no axial

loads). A mathematical model was derived and a computer program developed specifically for this
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Figure 1 - Discretization of Hertzian Contact Patch

study. The program is designed to
calculate slip velocities and tractive
coefficients due to micro-slippage, and
tangential and normal forces on
differential elements of the contact area
between ball and race. Then, these
quantities are used to calculate energy
losses and wear rate. The experimental
evaluation of ceramic wear
characteristics was conducted by
researchers at the University of Florida
[Ref. 7] and is covered in their reports.
The contact area is calculated using

' Hertzian theory for contact between solid bodies. Normal loads exist between the spherical rolling

elements and the races that produce a Hertzian contact area for two curved solid bodies in

Average Normal
Force on a strip; w’

L« 2y’

Figure 2-Tangential Rolling
Velocities at Differential Stnps

contact at a point [Ref 3; Sect. 2.3;
Eschmann et. al]. The assumed
Hertzian contact patch is an
elliptically shaped area with length 2a
and width 2b (figure 1) for which the
overall dimensions and the contact
force at a given location can be
predicted using Hertzian theory. For
the method used the Hertzian contact
patch is discretized as shown into
differential strips along the semi-
major (X) axis. The Slip velocity ratio
[(v2-v1)Iv1) ; see figure 2] due to the
micro-slippage varies continuously
along'the semi-major axis of the
patch and is approximated by the




strips that each represent a width of constant slip velocity. The normal force on each strip is
approximated in a similar manner as the average normal force on each strip. Each differential
strip is an area of contact between the ball and the race that can be thought of as contact
between two discs that are in engaged in tractive rolling with a particular normal load and slip
velocity ratio, with the length of engagement equal to the length of the strip. The coefficient of
traction and tractive forces are calculated using the method developed by Dareing [Ref. 1]. Each
strip is meshed into elements and nodes along their length (figure 1). The tractive force on a strip
is the sum of the differential traction forces along the length of the strip. The slip velocity ratio,
tractive forces, and normal forces on the strips are used to calculate energy losses and wear on
each strip. The sum of these quantities for all strips resutt in predicting heat generation, wear rate,
and torque on the entire Hertzian contact area.

MATHEMATICAL MODEL & METHOD DESCRIPTION

Tractive Forces and Coefficients

As previously mentioned and shown in figure 1, the Hertzian patch at the ball/race interface is
discretized into differential strips, each strip Ax units wide approximates a constant slip velocity for
that strip width. The slip velocity and slip velocity ratio models the micro-slippage mechanism. A
slip velocity implies that the velocity v2 is slightly higher than velocity v1 (figure 2). Each of the
differential strips on the Hertzian contact patch in figure 1 models a cylinder in contact as
depicted in figure 2 with length 2y’. This micro-slippage is a combination of slipping and sticking
along the length of each strip [Ref. 2 Section 13.3; Haris). The differential strips are themselves
discretized into elements and nodes along their length, parallel to the y-axis (figure 1). At the
initial point of contact and for some distance x along the length of the strip, sticking occurs which
produces elastic shear micro-strains and displacements on the surfaces, tangent to the plane of
the surface in the ;;ontact region. Along this length the tractive force is less than the friction force.
At the point of impending slip and in the remainder of the strip length, the traction coefficient
becomes equal to the friction coefficient and the tractive force equals the frictional force. The
displacements in the stick region are calculated as the product of the slip velocity ratio and the
‘y'coordinate at the nodes [((v2-v1)/v1)®y ; y=0 is at -y’ for this calculation). The displacements are
used to find the tractive force at the nodes along the length of the strip in the stick region based
on these surface displacements, using concepts from the finite element method. This method is
presented in detail by Dareing [Ref. 1]. Tractive forces in the slip region are calculated using the
dynamic coefficient of friction and the normal force [ T, = fx N ] at a given node. The slip region
begins at the node for which the calculated tractive force based on displacement exceeds the




frictional force at that location. The total tractive force [designated dF] on a strip is the sum of all
the forces at the nodes for that strip. Typically traction data as shown in figure 3 is used to obtain
the total tractive force between two discs, for instance interpolating the traction coefficient for a
given slip velocity and using the traction coefficient along with the normal force to obtain the
tractive force. In this case the computer program was used to calculate the actual tractive curves
[like that in figure 12] for each differential strip for greater accuracy, summing the nodal forces as
described above. The normal forces are calculated using the Hertzian load distribution [Ref 3;
Sect. 2.3; Eschmann et. al] as described below. The effect of the normal force on tractive forces
in the stick region is in it's effect on Hertzian contact region size and the slip velocity

(equations 3, 4, and 5 respectively).

Slip Velocity

The method for calculation of the slip velocity is based on geometry (curvatures of the roller ball
and bearing race groove), normal load between ball and race, and angular velocity w, of the
inner race. The assumption here is that only the inner race rotates. A spherical ball (radius R,)
loaded against a race groove (radius R;) causes deformation such that the ball and the race
groove have the same effectivé radius along the semi-major axis transverse to rolling motion [Ref.
2 Section 13.3; Harris), calculated using Equation (1).

2R R,
R = °R (1)
Rg+Rb

Figure 4 shows the ball and race in contact along the semi-major axis of the region, the semi-
major axis being transverse to the direction of rolling motion. There are two positions at x = £ ca
along the x axis where the slip velocity is zero. A no slip condition exists at these locations and
there is pure rolling and no transmission of tractive forces. The parameter ‘c’ has been typically
shown to be approximately 0.35 by Jones [Ref 10). As shown in figure 4 the horizontal line
connecting the two points {at x=tca} is the instantaneous axis of rotation of the ball. Points on
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the ball not at the no slip positions experience slip V,(x) [v2-v1] calculated with equation 2, a
function of x. Thus the slip velocity and slip velocity ratio on a given differential strip can be
calculated based on the coordinate x. Delta (A) is the length from the point on the surface of the
ball to the instantaneous axis of rotation and calculated with equation (3) from the geometry in
figure 4. w,, is the angular velocity of the ball with respect to the inner race calculated using
conventional kinematic principles as explained briefly in the following sections. Slipping in
between the x = £ ca positions is against the direction of race rotation and with the direction of
race rotation at pdints outside of the no slip positions [Ref. 2 Section 13.3; Harris] (against and
with meaning the shear traction of the race on the rolling elements). This change in slippage
direction is evident in Figure 6; a plot of Slip Velocity vs. ‘x’ for a number of angular velocities.

Vi(x)= 4 (0 2

BA=R1-(xIR F-|R-(ca) (3)




The rolling radius of curvature R’ is used in calculating A, it's length being the second radical term
in equation (3). Apparent in equation (3), the contact load influences delta by effecting the size of
the Hertzian contact area and thereby the length of ‘a’.

Hertzian Contact Area & Pressure Distribution and Normal Loads Computation

As mentioned previously, when two curved solid bodies are in contact at a point deformation is
produced resulting in an elliptically shaped contact patch that can be calculated using Hertzian
theory. The length and width of the ellipse are calculated using Hertzian equations (4) and (5)
respectively from Ref 3 [Eschmann et. al]. W is the normal load between the bodies and E & p
are the average of the moduli of elasticity and Poisson's ratio respectively for the ball and race
materials. Forces within the elliptical contact region are based on the x and y

P l M- PW
2a-(2)+"\| = @
_(2E)+3 liﬂ_ﬂ&’ (5)
2629 " &)

coordinates of the ellipse and also are calculated from Hertzian theory. Equation (6) [Ref. 8;
Johnson] calculates the maximum Hertzian pressure P,, occurring at x = y = 0. Then equation (7)
[Ref 8] is used to calculate the Hertzian pressure on each strip element using the x & y element
coordinates. Then the force (pressure*element area) on a differential strip or element could be
calculated as a function of x & y. The normal force at each node of a strip was necessary so the
friction force could be calculated at each node, for comparison to the calculated tractive forces, to
insure the displacement based tractive forces at each node does not exceed the friction force (as
explained above). Equation (7) was also used to find the average normal force (dN,) on each
differential strip by integrating it over the length of the strip from -y’ to +y’ using the x coordinate at
the middle of the strip width. This resulted in equation (8), the average Hertzian pressure (P,,;) on
the strip. Then an average normal force on a strip could be calculated using [dNi = P, x 2y'(Ax)].
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The normal load between a roller ball and each race at any given time depends on the angular
position of the ball with respect to the direction of the shaft’s transverse load,W. In addition, there
is also a load for centripetal acceleration on the outer race, which is independent of angular
position. The method used to calculate the load based on angular position is from Houghton [Ref.
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4; P.S. Houghton, chap. 9]. He uses an equilibrium expression [equation (9)] and experimental
data from Stribeck [Ref. 5] to calculate the normal load magnitudes (p,) at each angular position.
Gamma (y) is the angular interval between each rolling element. The procedure used here is
derived in detail in Reference 11.

W=p,+2p,cosy+2p,cos2y+2p,co83y+...+2p cOSNY )

The inertia load on the outer race was calculated from Newton's second law and conventional
kinematics assuming the roller bearing is kinematically similar to planetary gear system, using the
angular velocity of a imaginary arm. The percentage of time a ball is under each load P; from the
shaft load W was calculated by assuming the load is constant (p;) at specific positions over an
angular interval of y [gamma). For a steady state shaft angular velocity ,, the percentage of time
at a given load was calculated as 2*(y/2m), one in each of the lower quadrants. For the upper half,
it was assumed that the load due to the shaft load W, is zero for 50% of the time. Summing the
percentages for all race angular intervals yields 100%. The inertial load on the outer race is
added to each ball in all intervals (100% of the time). For a given number of roller balls, the
computer program calculates the correct number of intervals and correct interval angles.




Kinematic Methods

In calculating the slip velocity and slip velocity ratio, it is necessary to relate the roller ball
angular velocity with the angular velocity of the inner and outer races [such as Wy, in equation
(2)). Equation (10) is the corresponding equation for the outer race slip velocity (w,, being the
angular velocity of the ball with respect to the outer race). The method used assumed the
radial bearing is behaving like a planetary gear system [Ref. 6; Mabie & Ocvirk]. The inner race
for this study has an angular velocity w;, while the outer race is stationary. Even though some
slippage occurs between balls and races, wherein there is no slip in planetary gears, it is
assumed that the slippage is negligible in comparison to the angular velocities of the inner race
and balls. For the slip velocity ratio [Av/iv1], the overall velocity (v1 is typically used) at the
ball/race point of contact is also needed. Equations (11) and (12) are the equations for the
overall velocity at the point of contact of the ball with the inner race and outer race
respectively. 0, and ,, are the angular velocity of the inner race and outer race respectively
with respect to the imaginary planet arm.

Vi(x) = 4 (wWyy) @ - Vi) =A4(wy) (10)
Vel,=R(w ) (11) Vel, =R, (Won) (12)

The angular velocity terms below (w’®) were derived using the tabulation method

[not shown; Ref. 11]. The inner race has angular velocity w; with a stationary outer race.

R, : radius of the outer race W = 0 * [ (1-RJR)(1+R/R)) - 1] (13)
R, : radius of the outer race Wy, = 0 [1- R (R+R,)] (14)
R, : radius of the roller ball W= -0, R /R, +R,) (15)

Wo = W(1-RJ/RM(14R/R)) (16)




Slip velocity ratios for the inner and outer race can now be expressed using these equations
as shown below:

inner Race

(Vs(x)V) = Awy, /(R *wy, ) = A((1-R /R V(1+R /R) - 1) 17)
' Ri*[1- Ri /(Ri+Ro)]

Outer Race ,

(Vs,(X)}V) = Awy, /(RO *0,, ) = A*(1-RJ/R)(1+R/R) (18)

(RIRJ(R +R,)

Note that in equations 17 and 18 the w; term divides out. Therefore the slip velocity ratios are
not dependent on the inner race angular velocity, but on the radii of the races and balls,
| material properties, and the location within the Hertzian patch.

. Heat Generation and Friction Torque
The heat generation calculation on the contact region simply uses the definition of work for
tangential forces acting over the contact area [W = [ F dx]. For each differential strip a tractive
force dF,; is calculated as previously discussed. The distance Ax each force does work over is
the product of the slip velocity [V,(x)] on a given strip and a finite period of time At. The power
or heat generation [Q(in-Ibf./sec)] produced is the work per unit time. Then heat generation is
summed over all strips in a contact patch. The final form for the heat generation for all strips on
the entire contact area is shown in equation (19). The factor of two accounts for left and right
halves (-a to +a), taking advantage of the symmetry of the contact area.

Q=2"/V,(x) dF = 2%} (Av,)(dF;) (19)

The torque input at the inner shaft is calculated using an energy balance with the heat
generation [equation (20)], the standard relation for power based on shaft speed and torque.

Q=Tw, (20)




Wear
The wear rate of the roller balls is calculated based on the sliding distance at points within the
contact region per unit time and the normal force between ball and race in the contact region.

dt A dt (21)

The wear rate dh/dt in equation (21) is the thickness of material removed Ah for a time At on
the area of contact for a given sliding velocity dy/dt. dh/dt is the wear rate on a differential
strip with area A with the average normal force dNi on a strip substituted for F and slip velocity
Av, substituted for dy/dt. Then equation (21) becomes equation (22). Then equation (22) is
converted into a volume removed per second by multiplying both sides by the area of the strip.
Then set this equal to a volume wear rate over the surface of the ball ([dh,,/dt)*A,,]; equation
23). Uniform wear over the entire spherical surface of the ball is supposed, assuming an equal
statistical chance for each point on the ball to contact the race. Dividing by A, resuits in the
wear rate (dh,,/dt), from each ith strip over the whole surface of the ball [equation (24)].

dh, K(dN
—1 ( ')(Av,) (22)
dt A.m
dh dh K(dN))
Q=—22A_)=—(A,,, )= Zav)A 23
ot e strip) Ao A seri (23)
Ar ) dh,p,, ) K(dN,(Av,)) (24)
sec dt Asph

Summing for each strip of the Hertzian contact patch gives equation (25), the wear rate over
the entire roller ball due to rolling contact with one race.

10
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sec. A,

Then a wear rate is calculated for each normal load according to the position of a ball with
respect to the shaft load with the addition of the inertial load aiso. The coefficient K is a wear
coefficient calculated from wear data provided by Adair et. al. [Ref. 7; University of Florida).
The data provided is from a plot (figure 5) in Adair's report for the wear of silicon nitride against
M-50 steel. In addition, the coefficient of friction for silicon nitride against M-50 steel was
obtained from the University of Florida report. The conditions for the University of Florida tests
included lubrication using MIL-L-23699 gas turbine lubricant at different stages of
environmental duress (schedules 1, 2 and, 3 in the graphs). The wear data from these tests
were measured and reported as [mass loss/sliding distance]. This data enabled the calculation
of the wear coefficient ‘K’ in equations (21) - (25). At this time, wear data for steel components
against silicon nitride is not available, so a wear coefficient for the wear of the races could not
be computed. Therefore race wear could not be predicted. This is also the case for a steel ball
against a steel race at the time of this writing as well. With experimental wear data for any
combination of materials, appropriate wear coefficients and therefore wear rates (using the
computer program) could be calculated. In this case the wear data was presented in
picograms/meter and then converted to units appropriate for the wear coefficient.

11
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PERFORMANCE PREDICTIONS & COMPARISONS
M50 STEEL vs. SILICON NITRIDE ROLLER BALL

Bearing Parameters and Configuration for Example Calculations

Computations were made to predict and make comparisons of heat generation, roller ball
wear, and bearing torque for radial roller bearings using an M50 steel ball vs. a Si3N4 ceramic
ball . These quantities are calculated for the tractive rolling mechanism occurring at the
ball/race contact region. This includes Hertzian contact of each roller ball with both inner and
outer race. The bearing design characteristics used in the computer program are those typical
for bearings used for the main turbine/compressor shaft of aircraft jet engines. A radial roller
ball bearing with eighteen roller balls is assumed with radial loads but no axial loads. The
bearing outer race is stationary and the inner race rotates at the specified RPM. A radial shaft
load is imposed through the inner race. On the outer race, the inertial load is added to shaft
loads. Table 1 lists the bearing dimensions used for this study. For this comparison bearing
speed, race groove radii, and friction coefficient were varied independently to observe the
effects of each on predicted performance results. Thé results are plotted in the following
figures. Overall, it can be seen from the plots that the ceramic ball generates less frictional
heat and torque losses than the steel ball.

Table 1 - Bearing Dimensions & Geometry (inches)

1.00 Groove radius of the inner race

1.00 Groove radius of the outer race

0.5 Radius of the roller balls

25 Radius of the bearing inner race

3.5 Radius of the bearing outer race

18 Number of balls in the bearing

500 Total radial bearing load from the shaft (pounds).

3.8098E-15 Wear coefficient for Si3N4 ceramic against M-50 Steel (in?/ Ibf)

The race materials were assumed to be M-50 steel. For performance comparisons between
steel and ceramic roller balls, properties of M-50 steel and silicon nitride ceramic (Si3N4)
respectively were utilized for the balls in separate computations. Table 2 lists the properties for
these materials as provided by the University of Florida [Ref. 7]. Also, it was assumed that
neither the races or ball materials had any special friction reducing coating. As previously
mentioned, wear data for steel on steel was not available at this time, so wear rate predictions
could not be made for this comparison study.

13




Table 2:

Material Properties used for the steel and ceramic roller balls as provided by the
Department of Material Science and Engineering of the University of Florida.

Material Property M-50 Steel MgO-Si3N4 Y203-Al1203-Si3N4
Density (g/cc) 7.8 3.16 323
Poisson's Ratio 0.3 0.26 0.29

Elastic Modulus (GPa) 207 320 308

Vickers Hardness (GPa) 8-10 16.6 14-16

Coeff of Therm. Expan (x10-6/K) 12 29 29-3.2
Specific Heat (J/kg(K) 450 800 800

Thermal Conductivity W/(m-K) 30 29.3 18-25

High Temperature use (K) 600 1300 1300
Fracture Toughness (Mpa(m'?)) 16 4.1 6-8

Calculated wear coefficient for Si3N4 ceramic against M-50 Steel :
3.8098E-15 in*/Ibf. [ref. 7]

Coefficient of friction for Si3N4 ceramic against M-50 Steel :
approx. 0.1 [ref. 7] (lubricated with MIL-L-23699 gas turbine lubricant).

Coefficient of friction for hard steel on hard steel (lubricated w/ turbine oil): 0.108
[Ref. 9].

Results of Example Calculations

Variable Angular Velocity (RPM)

Calculations were done for angular velocities from 10,000 RPM to 100,000 RPM in increments
of 10,000. Both heat generation and wear rate increase with increasing RPM due to a number
of factors and are significantly higher above 50,000 RPM. Most apparent is the increasing slip
velocity, which causes both heat generation and wear rate to increase [see equations (19) &
(25)). Figure 6 is a plot of slip velocity vs. position within the Hertzian region for several angular
velocities, clearly showing the much higher slip velocities for higher RPM. From figure 7 it is
clear that the ceramic ball has a lower heat generation, especially at the higher shaft speeds
(RPM). Heat generation predicted for the steel ball is about 4 times that predicted for the
ceramic ball. Since torque due to micro-slippage is directly related to heat generation, torque
input curves are the same as the heat generation with a maximum of 71 and 19 inch-pounds
for the steel ball and ceramic ball respectively at 100,000 RPM. For an increasing RPM, a
significant contribution to the higher energy loss in the steel was due to the higher inertial
loading of the ball against the outer race as shown in figure 8. The density of steel is
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approximately 2.4
times that of the
ceramic material. This
results in a rapidly
increasing inertial load
with increasing
angular velocity,
especially for the
heavier steel ball. This
higher load in addition
to a lower Young's
Modulus causes a
larger Hertzian contact
region (higher degree
of deformation) for the
steel ball at a given
RPM. This results in

increased slip velocity and slip velocity ratios on the differential strips and also longer strips (y’
in figure 1), both these factors yielding higher tractive forces as discussed in the section

describing traction (also see Dareing’s paper ref. 1). The larger ‘a’ dimension also increases
tractive forces with wider differential strips that are stiffer and require higher forces to enforce

the displacements of the slip velocities (or uses more strips of the same width, still causing a
higher tractive force on the whole contact region). In addition the parameter A (Delta) in

equations (2) & (3) increases with a larger ‘a’ dimension (the half-length of the semi-major axis
of the Hertzian contact region), also contributing to higher slip velocities with larger contact

regions. Wear also increases with higher slip velocities and normal forces as evident from

equation (25).
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Variable Race Groove Radius
The second set of calculations were done for variations in the race groove radii, ranging from
0.8 inches to 1.25 inches in increments of 0.05 inches. The radius of a race groove is the
radius transverse to the direction of rolling. The groove radii for the inner and outer race were
varied identically. Plots in figures 9 & 10 show the wear and torque respectively, plotted vs. the
race groove radii. Angular velocity for these calculations was at 25,000 RPM (steel & ceramic).
The dotted lines show the predicted values of wear and torque for the baseline bearing groove
radii (1.0 inch) listed in table 1. Heat generation values for these example calculations were a
maximum of 2100 and 500 in-lb/sec. for the steel and ceramic ball respectively. Again, the
predicted energy losses for the steel are higher, by about a factor of four. This is due to the
same fundamental reasons stated above that cause the larger Hertzian contact region for the

| ' steel ball for a given load

Ceramic Roller Bearing and geometry. Also, the
Woear vs. Race Groove Radius plots definitively show a
8.0E-13 decrease in energy loss
> \ ~ and wear for increasing
3 T0E-13 groove radius for both
[+
- steel and ceramic roller
(8]
HBOE3 balls. This is due to a
£ —_——t -
= : < number of factors. The
& N .
g 50E-13 contact radius R,
[~ —~] decreases with
40E-13 decreasing race groove

080 085 090 095 100 105 1.10 115 120 125
Race Groove Rad. (in.)
Figure 9 smaller contact radius

increases the length of A

(Delta) in figure 4 thereby
increasing slip velocity and tractive forces at any given ‘x’ coordinate. Another contributing
factor to the higher slip velocities for smaller race groove radii is the longer Hertzian region
(larger ‘a’ dimension) at smaller radii. As previously stated, a longer Hertzian region increases
slip velocities and tractive forces, even for constant race groove radii. Figure 11 shows the ‘a’
& ‘b’ dimensions (using equations 4 and 5) plotted vs. radii. The ‘b’ dimension is slightly less at
smaller radii, which in itself reduces the tractive force df, on a given strip and would tend to
reduce heat generation [equation (19)], but the amount is very small compared to the increase

radii R; and vice versa. A
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caused by higher slip velocities.

Torque vs. Race Groove Radius

Equal for Inner & Outer Race

Race Groove Radii - inches

—o— a-steel —¢— b-steel —— a-ceramic —— b-ceramic

Figure 11 - [Equ. 4 & 5, Ref. 3: Eschmann)]
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Variable Coefficient of Friction

The coefficient of friction was varied through a range of values for the steel ball and ceramic
ball. This was done for 80,000 RPM and standard race groove radii of 1.0 inches. The
coefficient of friction f, was varied through a range around the published or average value. For
steel, the value of 0.1 was obtained from Marks Handbook [ref 9]. For the ceramic material an
average value for f of 0.1 was obtained from the University of Florida report [ref. 7). Heat
generation for both the steel ball and ceramic ball increased almost linearly with an increasing
coefficient of friction. Predictions showed this is a direct result of the tractive force ihcreasing
with an identical curve as the heat generation. The tractive force increases with increasing ¥

because the tractive force in the slip region on a differential strip is equivalent to the average

Stick or Locked region, Tractive Slip
force depends on slip velocity Regions
\ —>»
) Higher Coefficient of friction
\ / N\ Lower Coefficient of friction
9\

Figure 12 - Traction Curve for two
friction coefficients.

normal force on that strip times the friction coefficient f as discussed previously. Figure 12
depicts the larger area under the traction curve in the slip region due to the higher coefficient
of friction. It should be noted that for configurations where the tractive force was much lower
than the friction force (high friction coefficient with low normal loads and/or low slip velocity
ratio’s), there would be no slip region in the tractive curve, and therefore the traction force
would not change as the coefficient of friction varied. It should also be noted that the method
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used to calculate wear rate is independent of friction coefficient. Computationally, this is
because the terms used in calculating wear rate [average normal force dN, and slip velocity
V,(x)] in equation(25) are independent of friction coefficient. Physically, it is believed that the
coefficient of friction is based on conditions during the wear test and the experimental wear
rate data is a result of these same conditions. Therefore it would be invalid to predict wear
rates computationally at other coefficients of friction.
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CONCLUSIONS

A comparison study of the ceramic and steel ball materials was accomplished for three
parameters that were varied independently to evaluate variations in heat generation, torque,
and wear rate for variations of each parameter. The three parameters were bearing speed
(RPM), race groove radii, and coefficient of friction between ball and race. Heat generation,
torque, and wear rate due to the micro-slippage mechanism were calculated in a computer
program using the methods presented. These quantities were shown to be about five times
lower for the ceramic Si3N4 rolling element over the M50 steel ball under similar conditions.
The methods utilized principles to calculate slip velocities, tractive forces, and normal forces
within the Hertzian contact region and use these quantities to calculate the frictional losses
and wear rate.

The results are summarized below:

« The rate of heat generation is significantly higher for both the ceramic and steel balls at
angular velocities higher than 50,000 RPM due to: '
- higher slip velocities
- higher inertial loads on the outer race

+ Steel balls generate heat much faster than ceramic balls. Since heat generation rate and
torque are related the same conclusion applies to friction torque. The reason is the
Hertzian contact region is larger for steel due to the higher inertial load on the outer race
and lower Young’s modulus. This results in:

- higher slip velocities for the steel ball

- higher tractive forces and coefficients due to larger contact area
» The wear rate also increases with higher slip velocities and tractive coefficients but since

experimental wear data was available only for the ceramic ball against the steel race at the
time of this writing a comparison could not be made.
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» Heat generation, torque, and wear rate are greater for smaller race grodve radii due to a
number of characteristics.
- greater contact area between ball and race
- smaller contact radius in the Hertzian region
- wider Hertzian contact region along the semi major axis
- higher slip velocities

» Heat generation and torque increase with increasing coefficient of friction due to higher

tractive forces in the slip region of the tractive force curve and higher peak tractive forces in
the no slip region.
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Nomenclature

- Y Y. .eieiuve...... Half Hertzian area length
AAghl Ball surface area

Dot e e et et Half Hertzian area height
AF e e e et e Tractive Force on a Strip
AN . et Average strip normal force
E . e et e Young's Modulus
R Coefficient of friction

Fa e e it i i e e e e e e e Inertial Force on outer race
Ko e e e Wear rate coefficient
P e e e RN ith ball normal load

Pavg s s o e Average strip pressure

P e e e e Max Hertzian pressure
Q. e Heat generation

Rie e e e e Inner Race radius
P Outer Race radius

Ry it e e e Roller ball radius
Ryt e Race groove radius
P Contact radius

AR ... . ... L. e e e e e Radial wear
N Rolling radius of curvature
S Torque
1P Friction tractive force

Y ..................................... Velocity

Vel, Vel . .o e e e e e Tangential Velocity (races)
AV IV ()] . o e e Slip velocity (v2-v1)

AVIVY . e e e Slip velocity ratio
W o e e e e Shaft Load

X ettt ettt e e Hertzian area major coord.
Yo Y e e e e e Hertzian area minor coord.
e et ettt e e e e Angular Velocity - Inner race
ADelta)....... ... e . Dist from rotation axis

o AP ith ball/race deflection
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WEAR MECHANISMS OF SILICON NITRIDE BEARING MATERIALS
UNDER CONTACT FATIGUE STRESSES

By
Zheng Chen
May 1995

Chairman: Dr. John J. Mecholsky, Jr.
Major Department: Materials Science and Engineering

The objective of this research was to investigate wear mechanisms of

silicon nitride as bearing elements. The study is focused on two questions:

1 (1) How does Si;N4 wear initiate and develop in the hybrid ball bearing

. system? (2) What materials and mechanical factors con.trol wear initiation

| and development? The properties and fracture behavior of advanéed silicon
nitride bearing material, such as toughness, crack initiation and propagation,
R-curve behavior, cyclic fatigue resistance, subcritical crack growth, and
fractography, have been studied. The bajl-on-disc cyclic-fatigue testing

| . . : : .
method has been successfully designed and applied to simulate loading,




conditions in a hybrid ball-bearing operation. The diametral compression
test has been ;Jsed to study crack growth mechanisms and environmental
influence on crack growth. The AFM SEM, and XPS are the primary
techniques that were used to study the topog“raphy and chemistry of the
fracture and wear surfaces. From this research, wear mechanism models for
Si;N, bearing materials have been established. The causes of the wear have
been determined to be directly related to a mode I bri_ttle fracture process.
The results of this research will lead to improvement in silicon nitride wear

resistance by adjustment of the microstructure. .
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Abstract

High quality silicon nitride ceramics have excellent high temperature strength, low density and excellent wear resistance due to their low
friction. The combination of these properties makes silicon nitride an attractive material for rolling element bearing applications. The low
density of the silicon nitride material has particular advantages when applied to the rolling elements of high-speed air turbine bearings. Much

work has been done to improve Si;N, mechanical properties. However, wear in Si;N, bearing balls still is a major problem that limits the

lifetime of hybrid Si3N, bearings. The wear mechanisms of Si;N, bearing balls in hybrid bearings have not been substantially characterized
- even though many experimental observations have been recorded. This paper describes Si;N, bearing ball wear as a microcrack initiation and
propagation process due to fatigue contact stresses. Experimental results agree with a proposed fracture model to describe the major cause of

silicon nitride wear and the major factors affecting the lifetime of bearing balls.

Keywords: Damage; Nitrides; Ceramics; Bearing materials; Contact load

1. Introduction

High quality .sil.icon nitride (Si;N;) ceramics have low

* densities, low friction.coefficients, low thermal expansions,

high strengths, and high temperature and chemical stability,
and are non-magnetic. The combination of these properties
makes Si;N, an attractive material for rolling element bearing
applications to withstand high loads, severe environments,
and high speeds [ 1]. Many investigators have devoted their
time to processing and evaluating Si;N, bearing materials
[2~-10]. Since Si;N, has a covalently bonded (hexagonal
crystalline) structure, difficulty in sintering became a major
barrier to its manufacture. Machining was also extremely
difficult because of the high hardness of Si;N,. The difficul-
ties in both sintering and machining resulted in the fact that
- it was impossible to limit all defects, such as porosity, large
inclusions, surface damage, and sintering flaws, in Si;N,
products. The various types of defects resulted in an uncer-
tainty in the Si;N, failure mode for many products. Even
though many investigators explored damage mechanisms in

Si;N, under contact loading and have documented their

- attempts [ 11-15], the damage mechanisms of Si;N4 have not
been precisely explained. This is because most of the failures
resulted from random, external factors (such as defects

* Cormrespondence address: Space Power Institute, Aubumn, AL 36849,
USA. ’

caused by manufacturing and machining or improper prepa-
ration and improper selection of tests) rather than from
aspects of material structure.

Numerous investigators have described Si;N, damage
mechanisms under contact loading as cracking, spalling, sub-
surface damage, and tribochemical reaction mechanisms
[16-21]. Another investigator suggested that plastic
deformation was also involved [22]. The basic experiments
currently used are rolling contact fatigue (three balls with
one rod, or four- or five-ball contact rolling) [18-20,22,23],
pin-on-disc [12], and rolling and~sliding contact fatigue
[11,13]. These experiments had success in evaluating quan-
titative volume loss with loading time. However, they lacked
control of the damage process and, as a result, were unable
to monitor the different stages in damage initiation and devel-
opment. Notably, a large surface area was tested in these
experiments and it was unavoidable that random defects due
to specimen preparation could be present in the tests. The
defects enhance the material degradation during the tests and
may result in a change in the damage mechanism. Therefore,
the artificial factors due to specimcn prcparation could con-
fuse the final results.

With increasing demand for Sl,N4 hybrxd bearing apph-
cations, a mechanism which can precisely describe the Si;N,
damage process such as initiation and development under a
contact load is needed. The understanding of aspects of mate-
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rial structure (not random defects) which cause Si;N, dam-
age could be gauged by considering the following two factors:
first, the damage process in the material structure is assumed
defect-free, to study the damage resulting from material
aspects under contact loading; second, the damage process in
the material is assumed to have well-defined defects, to study
the damage affected by the defects. The objective of this paper
isto describe the detail of the damage process in Si;N, bearing
materials under contact loading.

2. Experimental procedures

Two typeé of commercial Si3N, bearing material which

are currently widely used in industry were selected as the test

-materials. They were designated as type A and type B. Both
materials have fine microstructures (lessthan§ pm) and high
density.

Disc-shaped specimens of Si;N,; materials were cut from
10 mm diameter rods in 3-5 mm thick sections. The speci-
mens then were ground down to a 15 pm finish using dia-
mond polishing plates in order to remove any visible
scratches or pits. An automatic polishing machine was used
to further polish these samples until the surface roughness
was less than 6 nm. ‘

Surface roughness was calculated from a surface image
using the computer software which comes with the Nano-
Scape I atomic force microscope (AFM). The surface
roughness value, RMS, is the standard deviation of the Z
values (the vertical range of a point in the surface) in the
given area and is calculated using the following expression:

—_ 2
RMS _ Z(Zl Zave)

where Z,,. is the average of the Z values within the given
area, Z; is the current Z value, and N is the number of points
within the given area.

A 476 mm (3/16in) tungsten carbide (WC) ball with
surface roughness of about 10 nm was used as arigid indenter.
. The ball was used to create a Hertzian stress in the SizN,
discs. Cyclic loading in the form of a half sine wave was used
in the experiment. The number of cycles, which varied from
1 to 7 000 000, was chosen to examine the wear initiation and
development in Si;N,. The maximum compressive contact
stress, which is in the central point of the contact area, was
calculated using the following expression [24]:

6P(E™)? 173

0m=(—ﬂsR2 . (2)
where

1 1-vf 1-3] .

E* E E, ' ()

and P is the applied load, R is the radius of the indenter, E; ,
and v, , are the Young’s modulii and Poisson’s ratios of the
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Fig. 1. Measured radius a’ of the contact area vs. calculated radius a. Some
inelastic deformation occurred in the contact area after the contact stress
exceeded 20 GPa (labeled with solid triangles).

disc and the indenter, respectively. Six different maximum
compressive stresses (3.2, 7, 10, 15, 17, and 20 GPa) were
applied to the specimens, respectively.

The strain in the Si;N, due to contact loading was within
the elastic range. This was verified using the following exper-
iment. A fine surface finished Si;N, disc was coated with
about 15 nm thick gold—palladium (Au-Pd). The reason for
using Au-Pd coating is that this type of coating can record
the real contact area after a Hertzian loading is applied to the
sample. Therefore, we were able to examine whether the load
which was applied to the sample caused any inelastic defor-
mation by comparing the real contact area with the area cal-
culated using the analytical solution. The coated specimens -
were loaded at different contact stresses. The Au-Pd coating
recorded the contact area corresponding to each loading level.
The measured radius a’ of the contact area was plotted against
the calculated radius a of the contact area (Fig. 1). The cal-
culated radius a is given by an elastic equation [24]:

(3 P R)l 3

~\ag* )
When a load starts to cause the measured area to deviate from
the calculated area, the load is atransition load. Loading
above this value will result in inelastic strain occurring in the
SizN,. All the loads which were used in the contact fatigue
experiments were below the transition load. Considering the
advantage of lower test times, contact stresses higher than the
stresses used in actual bearing operations were used most of
the time in this experiment. The Hertzian stress distributions
within the Si;N, material were calculated using the finite
element analysis (FEA) method. The detail of this analysis
is described in Appendix A.

The contact fatigue test was designed to simulate loading
conditions in the Si;,N, hybrid ball bearing system under the
assumption that there was no external tangential traction force
on the contact surface. This was assumed because very low
friction between Si;N, and M50 steel was observed [25].
Hertzian contact stresses were applied to the Si;N, specimens
using a WC ball. The tests were conducted in a Materials Test
Systems (MTS) machine using the load control mode. Exxon
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Fig. 2. Schematic of the ball-on-disc contact fatigue test.

turbo 0il 2380, which has 26.28 cSt viscosity at 38 °C, 249 °C
flash point, and 50.67 kg mm ™' Ryder gear test [34], was
used at the contact surfaces as a lubricant. A schematic of the
test method is shown in Fig. 2. ’

Two important physical regions of the test specimens were
investigated using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). The first was the contact
area where initial wear occurred. It was possible to examine
the whole wear process in this area. The other was the tensile
- -region just outside the contact area. From this region, the
cone-crack initiation, propagation, and path were examined
afterwards. This test method provides total control over stress
level, cyclic frequency, and the number of cycles. The stress
state in the contact region was also well defined. Therefore,
the damage process (or wear process) under the contact stress
region could be closely monitored.

3. Results and discussion

Both type A and type B Si;N, showed a similar wear
process. The differences in their degree of wear will be dis-
cussed in a separate paper [26]. A typical SizN, bearing ball
wear pattern caused by a bearing test is shown in Fig. 3(a).
In Fig. 3(b), an SEM photo shows the Si;N, wear pattern
that was caused by the ball-on-disc fatigue test. The wear
pattern in Fig. 3(a) was caused by multiple contact fatigue
damage, whereas the wear pattern in Fig. 3(b) was caused
by single contact fatigue damage. If the damage in regions 1,
2 and 3 of Fig. 3(a) are examined closely, it becomes appar-
ent that the damage is similar to the Hertzian cone type frac-
ture that is shown in region 4 of Fig. 3(b). It is concluded,
therefore, that the ball-on-disc contact fatigue testing method

is appropriate for use in studying Si,N, material wear mech- .

anisms in hybrid bearing systems.

The ball-on-disc contact fatigue test data are listed in
Table 1. The wear process observed in these tests consisted
of three different stages (Fig. 4): roughening of the contact
surface (stage I), cone-crack initiation and propagation
(stage II), and large volume material removal from outside

Fig. 3. (a) Type A hybrid bearing ball failure pattern and (b) a Hertzian
contact failure pattern from the ball-on-disc contact fatigue test. Both show
some similarity in the regions labeled 1, 2, 3, and 4.

Table 1
Data from the ball-on-disc contact fatigue test

SisNJtype Omax Hz  No.of Damage description
(GPa) cycles (k)
A 10 10 1500 few grains pull out,
cone-crack
A 15 10 600-1500  few grains pull out,
cone-crack
A 15 10 2000 cone-crack, chip-out
A 15 10 3000 large volume loss
A 17 10 20 few grains pull out, -
i cone-crack
A 17 10 1700 large volume loss
A 20 10 1 - cone-crack, chip-out
A 15 7 700 cone-crack
A 15 5 500 cone-crack
A 7 10 5000 grain pull-out, cone-crack
A 3.2 10 7000 grain pull-out, cone-crack

the contact area (stage III). In the following sections, each
stage of wear will be discussed and the mechanisms of wear
will be proposed.

3.1. Stage I wear—roughening on the contact surface

The type A specimen was tested under a 3.2 GPa maximum-
stress at 10 Hz frequency. Fig. 5(a) is the wear pattern after
7 000 000 loading cycles. The plot of roughness vs. its cor-
responding location on the contact surface is shown in--
Fig. 5(b). Each location is represented by a letter A, B, C or
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Fig. 4. Wear on the type B Si;N, due to the ball-on-disc contact fatigue test consists of three different stages: (a) stage I (under o'y, = 15 GPa after 50 000
cycles), (b) stage II (under o, =15 GPa after 1 000 000 cycles), and (c) stage III (under o,;, = 15 GPa after 3 000 000 cycles).
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Fig. 5. (a) AFM image resulting from a wear surface of type A Si;N, under ., = 3.2 GPa after 7 000 000 cycles. (b) Surface roughness at different locations

on the contact surface, as labeled in (a).

D, corresponding to the location shown in Fig. 5(a). An
increase in the contact surface roughness indicates that wear

has occurred. For convenience in later discussion, the middle -

of the contact surface (labeled A in Fig. 5(a)) was desig-
nated as.the central region. The roughest area just outside the
middle contact area was named the outside central region
(labeled B). The contact area was examined under high mag-
nification SEM. In the central region (Fig. 6(a)), most of
the grain boundaries were damaged and a few grains were
pulled out from the surface. Away. from the central region,
many more grains-were lifted up, as shown in Fig. 6(b).

Theoretically dense brittle materials with covalent or ionic
bonds are difficult to fracture under hydrostatic compression
atroom temperature. This is because none of the three fracture
modes in fracture mechanics can explain fracture under
hydrostatic compression. The questions raised here are: why
are the grain boundaries damaged under a compressive stress
and why are fewer grains pulled out in the central contact
region than in the area outside the central region?

First, damage of the grain boundaries under the compres-
sively loaded region was observed. The existing grain bound-
ary phase is recognized as a glass phase which was used to
improve Si;N, densification during the sintering process
{26]. The boundary phases in type A and type B Si;N, are
mainly composed of Al,O,, Y,0;3, and Si0,, and of MgO and
SiO,, respectively. The glassy or amorphous materials are

susceptible to structural rearrangement under high stresses
because of their long-range disordered structure or disordered
network structure [27]. Therefore, there is a delayed elastic
deformation of the glass phase in response to a load due to
disentangling of structural elements, such as rings of atoms
[28]; this is viscoelastic behavior. The delayed elastic com-
ponent can be represented by a generalized Kelvin—-Voigt
model. The schematic curves in Fig. 7(a) show the relation-
ship between loading and deformation for both glassy mate-
rial and polycrystalline materials, respectively. The glass
mechanical behavior is represented by springs and dashpots;

~SizN,, a polycrystalline material, is represented by a spring.

Si;N, deformation responds to the loading immediately,
whereas the glass deformation shows an immediate response
(elastic) and a delayed response (viscous) to the loading.
The delayed response results from the glassy structural units
gradually undergoing a relaxation process during unloading.
This ‘‘relaxation action’’ causes a time-dependent change in
volume manifested as the delayed deformation. Therefore,
when:a highly compressive load P(r) on a Si;N, grain is
released (Fig. 7(b)), the grain is immediately back in its
original position; whereas the glass phase along the boundary
is gradually returned to its original position due to the relax-
ation action happening among its glassy structural units. A
tensile stress is built up in the glass phase due to the delayed
deformation during the unloading cycle. The cyclic tensile
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Fig. 6. Wear surface topography: (a) wear at the central region and (b)
wear at the outside central region.

stress in the glass phase eventually causes grain boundary

fracture. However, if there is no tangential traction to lift up .

the damaged grains from the contact surface, the grains will
still remain in their position due to the grain boundary
mechanical interlock.

Now, why are fewer grains pulled out in the central contact
region than outside the central region? To answer this ques-
tion, it is first necessary to examine the shear stress distribu-
tion to see if there is any stress difference between these areas.
The shear stress, 1,,, distribution (the xy plane is denoted on
the sample surface) is shown in Fig. 8. A higher surface shear
stress was found on the outside central region. This shear
stress is primarily due to Young’s modulus and Poisson’s

ratio mismatch between the ball and the disc during the con- -

tact loading. So, the traction lifts up the grains whose bound-
aries have been damaged. In the central region, most of the
grains still remain in their position because of the lower shear
stress.

Stage I wear, therefore, can be described using the model
shown in Fig. 9. There is a different deformation response to
the loading and unloading cycles between the grain and grain
boundary phase. In addition, the constraint force on the sur-
face is decreased due to the free surface. Both of these factors
cause fatigue damage along the grain boundaries near the
surface. Then the grains whose boundaries have been dam-
aged are pulled out by the shear stress. The wear initiation is
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Fig. 7. (a) Kelvin—Voigt solid model and its load-deformation curve. (b)
Schematic showing tensile stress built along the grain boundary due to
delayed deformation in the grain boundary phase.
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Fig. 8. Hertzian shear stress distribution, 7,, (resulting from the Hertzian
load, P=1998 N), within a range of x= 1000 mm and z=865 mm. Notice
that a high tangential-traction exists at the outside central region.

due to heterogeneous mechanical behavior between the grain
and grain boundaries (elastic behavior vs. elastic and visco-
elastic behavior). Wear development is attributed to the shear
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Fig. 9. Schematic showing a cross-sectional view of the mechanisms of wear
in stage L. The section is from the high tangential traction region indicated
in Fig. 8. (a) Grain boundary phase damaged due to its delayed deformation

under cyclic loading, and (b) grain pull-out caused by the higher surface
tangential traction.

stress on the contact surface which lifts up grains from the
surface.

To verify this explanation, a contact fatigue load was
applied to a homogeneous material, borosilicate glass, and
single crystal sapphire, respectively, to investigate if any
damage occurred in the contact areas [26]. The contact areas
of both specimens remained intact after the number of loading
cycles. The result clearly demonstrates that a homogeneous
structure can eliminate stage I wear on the contact surface. In
other words, this experiment confirms that the heterogeneous
nature in the Si;N, material and the grain boundary phase is
the cause of stage I wear.

3.2. Stage Il wear—cone-crack initiation and propagation

Considering the bond structure of brittle materials, i.e.
covalent or ionic bonding, mode ] stress is a basic stress mode
that causes brittle material fracture. From the contact stress
distribution in the lateral direction (Fig. 10), there is a max-
imum tensile stress, o, just outside the circumference of the
.contact area. The surface of the specimens has been carefully
polished down to a surface roughness less than 6 nm. We
assume that there are no pre-existing cracks in the surface
(or at least, we can assume there are no pre-existing sharp
cracks). For crack growth, the first step is to initiate a sharp
crack. The following discussion will be focused on crack
initiation in the tensile region.

The SEM photos taken from a wear area are shown in
Fig. 11. There appears to be a cone-crack near the maximum
tensile region in Fig. 11(a). However, under high magnifi-
cation, it was identified as a loose grain region (Fig. 11(b)).
After grains loosen and are pulled out from the surface, a
crack initiates from the pulled-out grain region. The crack
then propagates under a cyclic stress in mode I. The model
in Fig. 12 is used to explain the cone-crack initiation and

propagation in the maximum tensile stress region under cyclic
contact fatigue. The material just outside the contact area
circle experiences a maximum (cyclic) tensile stress. The
cyclic stress causes fatigue damage in the grain boundary
phase near the surface due to its weak mechanical properties,
i.e. low strength, low toughness, and environmental sensitiv-
ity. The loose grains near the surface at the maximum tensile
region, which are caused by boundary phase fatigue, result

Maximum Tensile Stress (0x~ 1588MPa)

RS LR

y 1}
&
3

Fig. 10. Hertzian stress distribution, o, (resulting from the Hertzian load,
P=1998 N), in x direction within a range of x= 1000 mm and z=865 mm.
Notice that the largest tensile stress field is just outside the contact area (axis
notation is the same as that in Fig. 8). .

Fig. 11. (a) The cone-crack seems to be initiated near the maximum tensile
stress region of the type A Si;N, under s,.,, = 15 GPaafter 1 000 000 cycles. .
(b) High magnification from point A shows the cone-crack is a loose grain
region.
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Fig. 12. Schematic showing a cross-sectional view of the mechanism of wear
in stage II. (a) A loose grain caused by cyclic fatigue stress and (b) crack
propagation under local tensile stress.

in cone-crack initiation. The crack then propagates stably
along the grain boundary under a cyclic mode I stress. Again,
the weakness of the grain boundary phase and the existence
of the tensile stress outside the contact area are two major
factors which results in stage Il wear: stage II wear is a process
of cone-crack initiation and propagation from the surface
outside the contact area. The wear process is governed by a
cyclic tensile stress from contact loading on the surface.

3.3. Stage Ill wear—material removal from outside the
contact area

During stage I wear, a large volume of material removal
was observed outside the contact area (Fig. 4(c) ). To inves-
tigate the causes of this stage of wear, the wear specimens
were sectioned across their contact areas. From the pictures
of the cross-section in Fig. 13, the cone-crack starts to curve
up to the surface after the crack propagates down into the
bulk of the specimen.

Fig. 14 shows a specimen fractured at 27.8 GPa maximum
contact stress under monotonic loading (at 900 kg sec™!
loading rate). The cone-crack propagates following a cone-
shaped path all the way down to the bottom of the sample
and then the propagation results in fracture from the bottom

Fig. 13. SEM bhoto from the cross-section showing the cone-crack curving
up to the surface after growing a certain depth into the specimen.

Fig. 14. SEM picture from the cross-section showing a monotonic fracture
path, )

to the top of the specimen. However, for cyclic loading, the
crack only grows downwards a short distance and then starts
curving up to the free surface.

Singh and Shetty have demonstrated that a pre-existing

.crack in a brittle material will propagate towards a direction

with a pure mode I stress even though the crack starts with

- mixed mode stresses [29]. Hu et al. also indicated that a

microcracking path in brittle laminated composites under
complicated (mixed-mode) local stresses follows the local
mode I stress path [30].

The cone-crack paths predicted by the mode I stress path
are shown in Fig. 15. Comparing the predicted path with a
crack path measured from the specimen which was fractured
under monotonic loading shows that there is good agreement
of the experimental and theoretical paths. This result clearly
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Fig. 15. A measured monotonic fracture path (a) follows the predicted mode

I stress path. A cyclic fatigue fracture path (b) follows the predicted path _.

(mode I stress path) for a certain distance then deviates toward the free
surface. )
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Shifted Maximum Teasile Stress Region (0, ~ 324MPa)
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Fig. 16. (a) SEM photo showing multiple cone-cracks outside contact area.
(b) Hertzian stress, o, (resulting from the Hertzian load, P=1998 N), is
redistributed due to existing cracks (axis notation is the same as that in
Fig. 8).

demonstrates that crack propagation in brittle material is gov-
erned by mode I'stress (tensile stress). However, under cyclic
loading conditions, the crack path only follows the mode 1
stress path to a certain distance and then starts to deviate from
the predicted path. '

Another phenomenon which occurred during stage IIl wear
is the initiation of multiple cone-cracks outside the contact
area, as illustrated by the SEM photo in Fig. 16(a). From this
cross-section, it can be seen that the first cone-crack, which
is closest to the contact circumference has the longest length.

The length of other cone-cracks decreases with an increase -

in distance between the cone-crack and the circumference.
An FEA program was used to analyze the stress distribu-
tion after the first cone-crack was initiated (Appendix A.-
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Fig. 17. SEM photos indicating that the defects in the contact area caused little wear in type A Si;N,. The defect outside the contact area resulted ina - -

The stress distribution along the lateral direction
(Fig. 16(b) ) shows that there is a higher tensile stress around
the crack tip region. In addition, the maximum tensile region
on the surface is shifted from next to the contact circumfer-
ence to a distance away from it. The shifted tensile stress, o,
is the cause of the second cone-crack initiation. The third and
the fourth cone-cracks follow for the same reason.

Therefore, the curved-up primary crack joins the second
or the third cone-cracks to form a pocket in the outside contact
area. This results in material removal as a chip from the pocket
bounded by these multiple cone-cracks and the free surface
of the specimen. The initiation of the first cone-crack deter-
mines stage Il wear, and the following cone-cracks contribute
to stage III wear. :

There is no precise explanation for the crack to curve up
at this stage. We speculate that the reflected stress wave or
multiple cone-crack formation may redistribute the stress
field around the first cone-crack tip and force the crack to
propagate up to the free surface. In fact, the crack does not
have strong motivation to continuously propagate down-
wards after having grown a few hundred micrometers based
on our stress analysis.

Three wear patterns and their mechanisms under contact
fatigue loading have been demonstrated. However, there are
still some primary concerns in hybrid ball bearing applica-
tions which will be addressed in the following section.

3.4. The effect of defects on Si;N, wear behavior

An additional concern is the existence of defects such as

* surface scratches and subsurface flaws or pores on Si;N, wear
behavior. In order to study the influence of the defects on

wear behavior, indentation techniques were used to artifi-

cone-crack initiation at low stress level. The stress curve shows the stress at the crack to be almost 600 MPa lower than the maximum stress.
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cially create these defects. First, a Knoop indentation was
employed to create 5 um wide and 40 um long Knoop
impressions to simulate scratches. The indentations were
placed at different locations within an area where a contact
load would be applied. A 200 g Knoop indent load was cho-
sen to avoid creation of a large local inelastic zoné and ini-
tiation of cracks at the comers of the impressions. SEM
examination was used to verify that no cracks were found
around the indentation. A cyclic contactload then was applied
to the area. The results indicate that, in the contact area,
scratch defects (Knoop impressions) have little effect on
wear. No crack initiation and no extra wear damage were
found near the indentations after 80 000 cycles under 15 GPa
contact stress (Fig. 17). However, the scratch (Knoop inden-
tation) in the outside contact area promoted a cone-crack
initiation. The cone-crack initiated from one of the indenta-
tion sites rather than from the maximum tensile stress region,
even though the stress at the location of the indentation was
almost 600 MPa lower. Thus, defects such as scratches can
promote crack initiation and increase wear in Si;N, at a lower
stress level.

A Vickers indentation technique was also employed to
create a large local inelastic deformation zone, near which a
subsurface lateral crack can be initiated. The indentations
from 1 kg load were created both inside and outside the con-
tact area. Spallation occurred from one of the indentations
after 300 000 cycles under 15 GPa stress (Fig. 18(b)). The
spalling pattern is very similar to those observed from the
failed Si;N, balls due to subsurface defects. The spallation
initiated from the region between two radial cracks of the
indentation (Fig. 18(a)) where a shallow subsurface crack
has potential to initiate due to the inelastic zone of the inden-
tation. The pictures in Fig. 18 display the process of the lateral
crack growing to the surface under contact fatigue loading.
This experiment indicates that spallation only occurs when
there are pre-existing defects underneath the surface. These
defects, most likely, are lateral cracks due to large local ine-
lastic deformation caused by sharp indenters or due to the
sintering process. The lateral crack develops quickly to result
in spallation under contact fatigue stress.

_ One important thing needs to be clarified: the difference
between spallation and Hertzian cone-cracking. Spallation is
initiated from lateral defects which are mostly associated with
local inelastic deformations caused by sharp indenters or pre-
existing subsurface defects due to an improper sintering proc-
ess. The crack initiates underneath the surface and then
propagates towards the material surface under loading. Her-
tzian cone-cracking is due to a mode I stress created by con-
tact loading within an elastic strain region. The crack initiates

_at the surface and then propagates into the material. The
different appearances are clearly shown in Fig.3 and
Fig. 18(b).

The defects near the surface can significantly reduce the
lifetime of Si;N, under contact fatigue loading. Greater atten-
tion to limit Scratches and subsurface defects may result in
greater improvement in Si;N, bearing ball wear resistance.

Fig. 18. (a) SEM picture showing that spalling initiates in type A Si;N, at
the area near the indentation. (b) A high magnification photo displaying the
spalling pattern, which is similar to those observed in failure bearing balls.

4. Conclusions

Problems in studying wear always exist due to the large
number of variables involved in the wear process. Any change
in the variables will potentially lead to a wear rate change,
perhaps even a wear mechanismchange [31]. Wear problems
in a Si;N, hybrid ball bearing sysfem are also very compli-
cated, and involve many wear mechanisms. However, careful
consideration of the primary bearing ball wear patterns can
help find the primary causes of wear.

In this study, contact stress fatigue was considered a pri-
mary wear mechanism. After extensive experimental inves-
tigation in Si;N, wear, it is proposed that the wear process in
the hybrid ball bearing system occurs in the following man-
ner. Wear in the Si;N, bearing ball is initiated by contact
fatigue stresses. Each wear stage described in the previous
sections can cause Si3N, debris, €.g. a grain or aconglomerate
of many grains, which subsequently deposit in the lubricant.
The debris in the lubricant creates a second wear mechanism
that is essentially three-body abrasive wear; i.e. scratching or
cutting in both Si;N, and M50 steel race surfaces. Further-
more, the large pieces of debris in the lubricant act as sharp




206 . Z Chen et al. / Wear 198 (1996) 197-207

Rolling Contact Fatigue

& Si,N, Ball

r : J M 50 Race

4,4 Large Debris

\ildcntation

, [Plowing and Cuttiﬁg Wear | l Spallation ]

Fig. 19. Schematic of the wear process in Si;N, hybrid ball bearing system.

indenters and create larger local inelastic deformation regions
in the ball or race surface due to their indentation. The lateral
cracks from this process could be initiated underneath the

free surface due to local inelastic deformation. Therefore, the

third wear mechanism starts to join in the wear process, i.e.
spallation. The wear process is shown schematically in
Fig. 19.

Wear in Si;N, hybrid ball bearing systems involves mul-
tiple wear mechanisms, but contact stress fatigue is the pri-
mary mechanism, and this mechanism determines the entire
wear or degradation process. Consequently, an increase in
contact stress fatigue resistance in Si;N4 can lead to signifi-
cant reduction of overall wear in the system.

Acknowledgements

The authors gratefully acknowledge the support of Air
Force Office of Scientific Research Grant Number F49620-
93-0349DEF and the Major Analytical Instrumentation Cen-
ter at the University of Florida for partial support of this work.

Appendix A

The finite element analysis (FEA) method is one of the most
popular numerical analysis techniques widely used by engi-
neers and scientists. It is used to obtain approximate solutions
to a wide variety of engineering and scientific problems, one
of which is the stress distribution in solids.

For the problem of Hertzian contact we can use the model
of axi-symmetric analysis which is considered two-dimen-

sional to replace the three-dimensional analysis. The indenter
is spherical and the sample dimension is sufficiently large
compared with the contact area. It is obviously preferable to
model the problem using a two-dimensional analysis to
reduce an enormous amount of computational effort without
sacrificing accuracy. Therefore, two-dimensional elements
are used; but all three-dimensional nonzero stress compo-
nents are obtained.

Commercially available FEA software ANSYS was used
for all finite element analyses. This software provides a w1dc
variety of element types and analysis capabilities.

In the beginning, we used two-dimensional elements for
both the spherical indenter and the sample ceramics, and
point-to-surface contact elements to join the nodes between
the elements of sample and indenter at the potential contact
area. The dimensionless contact elements used present a bi-
linear stress/strain relationship under loading [32]. When
under no contact stress, the contact elements do not function,
which allows for the physical separation between the sample
and the indenter. When under contact stress, the elements
function like stiff springs which permit the continuity of con-

-tact stress and displacement by allowing minimum penetra-

tion of the indenter into.the sample. The spring constant is
chosen an order of magnitude greater than the stiffness of the
adjacent material with higher stiffness [32] and the zero
friction coefficient was set according to the experimental
conditions. Ideally, the spring constant should be infinite to

. prevent any unrealistic physical penetration. However, in

reality a large spring constant will introduce extensive error
in the numerical process leading to a very slow convergence
or even failure to convergence.

We then considered a Hertzian distributed pressure applied
onthe sample to simulate the contact between two frictionless
elastic solids of revolution. The purpose of this was to com-
pare the results from both analyses-—real contact (RC) which
is-discussed above and simulated contact (SC) under which
the Hertzian distributed pressure is used as the loading bound-
ary condition. If the agreement between the two methods is
acceptable, the operation of nonlinear and computing time
consuming real contact analyses will not be necessary. The
comparison shows that the discrepancy resulted in no signif-
icant difference. Take the example of glass under a load of
124,58 N which was run as a test. The maximum o, which
occurs at the edge of the contact zone was found to be
260 MPa (RC) and 261 MPa (SC). The minimum oz which
occurs at the center of the contact was obtained as
—2140.0 MPa (RC) and —2154.0 MPa (SC). The errors
for both components are considered negligible due to the
nature of computational analysis. We conclude, therefore,
that it is sufficient to use a Hertzian dlsmbuted pressure to
simulate the real contact situation.

Finally, an FEA was performed for the ceramic sample
containing a Hertzian cone-crack (HCC) due to the fatigue
contact loading. FEA has a long history of being used to
simulate crack propagation. The general tactic is as follows.
First we arrange the FEA mesh line in coincidence with the
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predicted crack propagation path. Next we examine the crack
tip strain energy release rate numerically. If the strain energy
release rate obtained is greater than or equal to its critical
value, the crack will be allowed to propagate. The crack tip
node will then be relaxed into two nodes and crack extension
will be one element length in the predicted direction. None-
theless, if we do not know the crack propagation path before-
hand, the prediction will be rather difficult. It is well known
that for monolithic materials like the ceramic being tested,
any crack will tend to follow a path for which the stress
intensity at the crack tip is purely mode I (crack opening).
The crack propagation direction, accordingly, will be the
direction at which the strain energy release rate for mode I
fracture vanishes. If the determination of the crack propaga-
tion direction is achievable, the determination of the crack
path will not be considered achievable, especially if the crack
has a high curvature path such as the initial stage of HCC.
The analysis becomes an element size dependent problem. In
other words, different FEA meshes will result in different
crack paths. For the case of HCC, the crack is initiated some-
where outside of the contact edge and propagates perpendic-
ular to the surface. The crack gradually alters its direction
within a few dozen microns and later propagates asymptoti-
cally toward a constant angle. We do not intend to simulate
the initial HCC path which has already been done using an
analytical prediction. Since at a later stage HCC propagates
almost with a constant angle with the surface, we can consider
the HCC as a straight line initiating from the contact edge.
We believe that the curvature at its initiation will not affect
the late-stage HCC propagation,

The next task is to determine the angle of propagation.
According to the concept described above, we obtained the
angle with respect to the surface as 24.4° for a crack length
of 0.160 mm. Several stress contour plots for the ceramic
sample with HCC are given in the text and compared with
the stress plots without HCC. It has been shown in a para-
metric FEM study that the effect of crack length variation on
the angle is small. There are many FEA techniques available
for calculating the crack tip strain energy release rate. The
one which was employed used the crack closure integral
method. The detail of this technique can be found in Ref.
[33]. In the analysis it was assumed that the creation and
propagation of Hertzian cone-cracks do not affect the given
Hertzian distributed pressure.
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’li’he Hcrtz:an cone crack initiation and propagation in ceramics under cyclic i
; !

A ; Hetm conc crack, the faugue Hertzian cone crack propagation eliminates the dynamﬂc

o effect on: uustable crack’ prepaganon As such, the crack is found to propagate: followmg

a empxrﬂcal analysis to investigate the Hertzian cone crack in three stages: crack i mmanpn
g crack prppagatlon. and ¢rack kinking. The mechanism of the multiple concentric cone ]
cracks 1s also explamcd. The purpose is to understand and predict the behavior of the :

: formau?n of: the Hertzian fatxgue cone crack using available modeling tools. }'
, 'Introductlon ’
i , Ej More than one liundred years ago, Hertz first published his work about the contact

{ behawdr between two clastic bodies [1]. Decades later, investigators were able to dcﬁne
the su'ess state in a semi-infinite solid under a spherical indentation [2,3]. It shows that
| jithe stress underncath the indenter is highly hydrostatic compressive. However, tcnsxlc

f ’ 'strcsse< emst outs1de of the contact area with the maximum value at the rim of the conbct
i

the path 9f pure Mode I type. We use an elasticity approach, a finite element analysis, a.hd e
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| ;ama in the radxal direction. The Hcrtzxan cone crack formation is primarily due to this

» wnsﬁc stress [4-6].
j . ' The Hertnan ‘cone cracks produced in brittle materials have becn reported decades

| ago (4-6}. In general people use this indentation-induced fracture as a technique to

hke glasses and structural cera:mcs The significance of the research, however, has not

[’I 8. For’these high temperatum high stiffness and strength, hxgh corrosive and wear

has been the only primary damage form reported [7,8].
A typxcal Hertzian faugue cone crack has thesc characteristics (see Figs. 1): itis |

uutxated shghtly outside thc comntact area; it is near-symmetric about the loading axis;
: 1mn_ally _;t is perpendxculax_ to the top surface and propagates downward, and after a

mdemanon fracture These are the studies in which the Hertzian cone crack may

propagaxe mstantly under an increased applied load and the entire crack may form under
dxﬁ'erent loads. The i mtcnuon of this study is to investigate the behavior of the Herman
cone cmck initiation and propaganon under a cyclic fatigue loading. Since the fauguc :
_ " crack propagatmn is stable and the fatigue loading pattern remains the same, it is more .
g approbhate to use modehng tools to study this phenomenon than the crack pmpagaxmn

L undex‘ a static or quasi-static loading,

‘measure the material fracture surface energy and fracture toughness for brittle materials :

: becn manifcsted until the recent application of the structural ceramics in the bearing of .
: au:craft tu&‘bme engines undcr high temperature, high corrosive environment conditions

resxstancg. and low densxty matenals damage related to the Hertzian fatigue cone crack .

: number Sf loading cycles it gradually propagates outward away from the loading axis td
form a wrve in the axisymmetric plane (Fig. 2); at a late stage of crack propagation it .
R may kuﬁc (Figs. Za and 2b) or it may form a secondary concentric cone crack outside of 1
' i : . the cxisnng major crack (Pigs 2a and 2¢). In this study we focus on usxng available
L analyucal and numerical modeling tools to explain and predict all listed charactmsucs |
_ _ ’l‘hcre have been niany research activities for the investigation of the Hertzian P
_ cone cmck. The interested reader is referred to Ref. {9] for detailed literature survey oxi :
| 1 this topxc However, most work in this area mvesﬁgaws the so-called quasi-static . :
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penmeutal Study
-shapcd silicon mitride (Si3N,) specimens were used in this experiment. ’I‘hey

cre cut fmm arod and pohshed by diamond polishing plates to remove any vmble

s~s$

' ) All the tests were conducted at an MTS machine using a load control mode (see
ﬁg 3). At radms 4.76 mm (3/16”) tungsten carbide ball was used as the rigid indenter.

JI‘he cyclw, load, applied on the ball to create the Hertzian contact, was in the form of half ,
;mc wave 'with a fxequency of 10 Hz and maximum and minimum loads of 2016 N (453 :
;lb 2 and 0 Jrcspecnvely The correspondmg maximum contact pressure is 15.01 GPa. ’I‘estsf
: 'w'ere also!mn under a maximum load of 2936 N (660 1b.) with a corresponding maxlmum s

I contact pﬂcssure of 17.02 GPa.

'I.’he conmct behavxor between the indenter and the sample is assumed as '

. cbmpresswe only with no tangentxal traction involved. This is because very low fncuon :
: exxsts beoween the silicon. mmdc disc and the ngtd ball when Exxon turbo oil 2380 is :
used at the contact surface {10} -

En general, after its initiation the Hertzian cone crack propagates cn'cumfcrentmﬂy
After abdut one million loadmg cycles, a ring on the top surface can be seen. In order tq

area usiﬂg a diamond saw and then the sectioned surface was polished down to 1 pm. By
:iloing sé?, the crack path and pattern can be clearly observed (Fig. 2). For all the samples
' secuonéd the observed asymptonc crack angle with respect to the loading axis ranged |

a from 58 '3° to 65.3° with an average of 62.9°.
LI‘l-n: Hertzian cone crack is initiated at the weakest spot in the nexghborhood of | .thc

rim of the contact area and gradually propagates circumferentially and symmetrically -
about the loading axis. Under the view of SEM the crack path is not smooth, but zxgzags
“in the boundary of the grain structure. On the macroscopic scale, the material is
4_hom9ggneous. But on the microscopic scale, it is a highly heterogeneous polycrystalline

P cera:mk:s The grain boundary is a glassy phase rich region and has a significantly lower

;.
! it
1

: '
; :
| . '

icratches hnd pxts The material is manufactured by Toshiba Corporation with the brand b
#ame TSN-OBH The sample dimensions are 10 mm in diameter and 3 mm in thickness. |

exaxm_ne_ .:the crack propagation inside the sample, it was necessary to secuon the sample, .
Which was done after cach fatigue test. The samples were sectioned through the contact -
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= gram sw: is about a few xmcrons The localized heterogeneity will not invalidate the

1

strength than the grain structure itself. The crack propagation in silicon nitride materxal
as such, proceeds mtcrgranularly For fine grain structure ceramics like silicon nitride the

assumptxon of global homogenelty used in analysis.

‘as shown in Fig. 1. 2 = 0 delineates the boundary of the assumed semi-infinite solid fdtr

s,z ;
i o
i ]:
1. :
b i
'].
!
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1
b {
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f _ &xother primary cancemn in the bearing application is the possible subsurface |

3 damage 1of the matenal under indentation. The stress analysis for the Hertzian contact

S ﬂlusttates a hxgh hydrostauc compressive stress undemeath the indenter. For brittle
cctamxc lmatcnals such as the silicon nitride samples used in experiments are highly

resnstant to compressive fatigue. The fatigue tests which had been conducted using ~

! dxfferenﬁ dense materials such as fine grain ceramics, coarse grain ceramics, and 5
1 -amorphous g!asses showed no subsurface damage induced by the- Hertzian fatigue -

. indentation [7) (c.g., se¢ Fig. 2). The reported “shear fault” damage underneath the
mdmtauon (1 1] may be atmbuted to the construction of the bonded interface in the :
.sample ;and not tbe matenal itself. The detailed explanation of the damage mechanism i 1s

' foffercdfm (12} : _ |
" Analyds
: . ‘In this study we analyzed the problem with three steps, namely crack muauon.‘ §
b crack pz:opaganon and crack kinking. For crack initiation we used the elasncny solunon |
. ‘asa toql For crack propaganon we employ both the elasticity approach and the finite | i
Iz elemcnt analysxs For mck kinking which occurs at the late stage of crack pmpaganon

' ! our mvesngauon is limited to a qualitative descnpnon , '

L ,The matenal constants used in the analysis are as follows: =
: Indenwr ' B.- =625 GPa vi=024 |_
’3~Samp1e- E, = 309 GPa v,=027 '
: Both materials are assumed to b2 homogeneous, isotropic, and present a linear:
P stramlstress relationship. Axxsymmetry is assumed in the analysis. The cylindrical '
: . coordxhatc system is used and the symmetric axis (z-axis) coincides with the loading é'Jus ’
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1 cone shapc axisymmetric.crack [9,13]. Based upon this claim, mixed mode fracture g
} behavwr was investigated [9,13]. However, repeated fatigue experiments performed in S i

i axxSyn'lmetnc plane, the above mentioned approximation is accomplished by the 5 B

dxe elasdexty solution. In the finite element analysis actual sample dimensions were used
The peak fatigue load was used as the loading boundary condition in all analyses.

l

l Elasu&ty approach for crack initiation and propagation
Evet since Henzian indentation” fracture in brittle materials was first observed,
mvesngators have reportedly claimed that the Hertzian cone crack is straight, formmg

|
|
B

; thls study showed that the cracks always have a curvature and never propagate straight. |

ln a homogeneous material, any crack will tend to follow a path for which the

crack up energy release rate is purely Mode I [14). The so-called quasi-static tests wlnch |
many mvesugators conducted may have dynamic contributions during the uastable crack

i pmpagdtxon It is possible that with the inclusion of dynamic effects the straight crack |

( propagaues in a pure Mode I crack path. We claim that for the fatigue cone crack :
E pmpagatwn, the Mode I crack path is not strmght It is initiated at the top surface shghﬂy

outside ﬁxc periphery of the circle of contact and pmpagatcs downward from the top « ‘
,surfacc.u As the number of the fatigue cycles increases, the crack gradually changes  ©
-dxrccuoh and propagates outward away from the loading axis. The crack pathinthe | -

5axxsymmemc plane asympwucally makes a material property and loading dependent ! P o .

: ;anglc with the symmetric axis. _ -
ifn order to predict the crack path especially for the stage of crack initiation, we
i Eproposed an approximation that the cracking proceeds orthogonally to the greatest tensxle

1 stress, thus following a. surface delineated by the trajectones of the other two prmcxpal 5

‘sttesscg, one in-plane (the axisymmetric plane) and the other out-of-plane in the hoop | L

i':direcﬁon. Here we dcﬁno the principal stress in the. hoop direction as the third principél : ;
i stress, (:ﬁsregai'ding its magnitude. The first in-plane principal stress is the one which xis '
5 greater.m magnitude than the second one at the location of the global maximum pnncipél

; stress. In the neighborhood of this location the crack is expected to be initiated. In lhel

‘ trajcctory of the second in-plane principal stress starting from the very location. In fact

P
b
l; i
'




B T TR T

1
o o e}

oy s g

thxs appmnmauon involves two assumptions, i.e., both the crack initiation and
p:opagatxon are controlled by the maximum principal stress. The first assumption that the
lczack is mmated in'the nexghborhood of the location of the maximum principal stress is

| generally acceptable HoweVer. the second assumption needs careful scrutiny. It is nowd

_ that at each increment of crack propagation, a new stress field is formed. At the crack: up.
ithe maxxmum principal stress may change its direction due to the new stress field. %
: Conseqdently the path maximizing the strain energy release rate for crack propagation '-

imay change accordmgly An excellent agreement between the trajectory of the second i m— :
plane pnncxpal stress and the experimentally observed crack path (Fig. 4), however,

' mdlcatcs .that the formauon of the crack does not significantly change the principal stmss
: trajectones A sansfactory agrecment between the trajectory of the second principal stms(

and the g,xpenmemauy observed curved microcrack was also obscrved for brittle -
; composstes in a signilar approach {15]. Thus the reduction of the system energy dueto |
crack fonnatxon and propagation sometimes has minimum effect on the principal stress ;

_ tra_)ectonres prior to any fracture.

Thc expxcssxous for the stress components ina semx-mﬁmte solid under a ;
concentmed load ‘was originally proposed by Boussinesq and is referred to as the '
Boussmesq Equatmn (16]. The stress state of the solid under the distributed Hertzian |

h! i | ‘contact pmm was first derived by Huber {2] and later by Love: usmg a potential

A i method'(3] Many other workers also derived the stress state for more complicated ,
| i loa(hng'boundary conditions (e.g. see {17]).

- ‘y. KJpon the availability of the stress components, the crack path which follows. the
at 'trajectory of the second in-plane principal stress is obtamed by this first order. dxffexenual

equanoh

’dz T G,~0 6,-0,)
| '...,,__ 7T - DU ;4 f+ E4 r +l (l) o
: dr ©,-0, 2t , 2T, : D

i

‘ “where 91, Cp Oy and T are the first principal stress, radial strcss axial stress and m-plane

i shear s}ress respectively. This equation can be solved numcncally using a fourth-ordcr

[
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Rungc-l(utta method [18). The step size for numerical integration is 1 pm. An example of

. ;he companson between the trajectory of the second in-plane principal stress and the
: bxpenmqntally observed crack path is shown in Fig. 4. :
‘ g S 'l'he agreement of the Hertzian cone crack path with the principal stress trajectory

:was ﬁrsqamposed by Frank and Lawn {; 19]. They found that the angle of the asymptouchl |

it .majoctory of the second m-plane principal stress isin a remarkable agreemcnt with that of :1

!the cracl; path The expenmental data they used were from the quasi-static indentation. | P

_' The crack propagates under an increased load and contact area. It is therefore not possxblcf
al to have a good match between the experimental crack path and the trajectory of the ; '

‘second m—plane prmcxpal stress for the crack in its entirety, especially at its initiation and

: the early; stage pmpaganon In this study since the fatigue loading is applied and the load
' rpattem xemams the same throughout the entire experiment, the agreement is not hxmted'

' the prmcipa! stress at its asymptotical part but along the entire curve (see Fig. 4). It is as
R such more meaningful to use the elasticity approach for a problem with a constant -
' max:mum load (faugue 1oadmg) than that for a problem with an increased load (quas:- P

éiauc loadmg)
The elasticity sohmon indicates that the maximum tensile stress always occurs at

thc contact penpbery However, experimentally the crack is initiated oumdc the: contact

i areaby approxxmately IO% 10 20 % of the radius of the contact area. Thxs is because

dxrectly lmderneath the contact periphery the radxal stress changes to compressive. For
ﬂus par&\:ular problem the radial stress decreases from the maximum at the contact

, I penphery to zero at 4.2 pm below the periphery and further becomes compressive in z
; j chrecuon The detailed explanation was given on the physxcal basis of Auerbach’s law '

[20] This phenomenon may also depend on the grain size of the material or the locahzcd

: ; matenal hetcrogcnen'y As such, if the initiation site for the trajectory of the second i in-!

§ plane pnncxpal stress and that for the crack is the same, the agreement between

. cxpenm;ntal and clastxcr_ty results is excellent as shown in Fig. 4. _

2. Fuutc element analysis for crack propagation




Fo: the finite element analysis (FEA) of Hertzian contact behavior we used the
'amsymmemc analysis, wh:ch is a two dimensional model in nature. Therefore, two
dlmensxohal clements were used, but axisymmetric three dimensional stress components
' wcre obtamed A commercxal!y available ﬁmte element analysis software ANSYS was nsed
Afor all ite element analy5es )

o Eor the first set of miodeling, we used two dimensional elements for both the

' sphenca! mdenter and the ceramic sample, and point-to-swrface contact clements in betwecn
: :the mdenter and the sample to simulate the contact bebavior (see Fig. 5). These three noded
contact e‘lcments were used to represent a bi-linear stress/strain relationship under Iowng

e [21] When under no contact stress, the elements do not function, which allows for the

o convergence

f physxcal separanon between the sample and the indenter. When under contact stress, the
: elemems ﬁ:ncuon like suff spnngs which permits the continuity of contact stress and ;
P dxsplacement by allowmg minimum penetration of the indenter into the sample. The spnng

y -

: * constant is chosca an order of magnitude greater than the stiffaess of the adjacent matenal
3fthlxahxgherstxffncss {21] and a zero friction coefficient was used based on the ,
f cxpeumemal results. Ideally the spring constant should be infinite to prevent any unreahsnc
’_ physxcal penctmxon In reahty an unreasonably large spring constant may introduce :
extenswe nurnerical error in the numerical process leading to a very slow, or even failure i in,

Next, a Hertzian distributed pressure [3,22] was applied on the sample as the

lmglboundary condmon to simulate the contact between two frictionless elastic sohds of
: revoluubn. The purpose of doing this is to compare the stresses from both analyses -—the :
5 real conmt analysis usmg contact elements and the sunulated contact analysis using the I
ngcn Hertman distributied pressure. If the agreement is acceptable, we wxll notneedto
i perform ‘nonlinear, complex and computing time consuming real contact analyses. The

-res_ultmg_ comparison shows that the discrepancy is not sigpificant. An example was gweg

': using bi)'rosilicate glasé as a candidate [23]. The results show that the discrepancy for both
. themaxxmummd:alnormalstressandmaxxmummaluonnalsmsxslessmanone L
percent These errors are considered negligible due to the nature of computational analysns. _

!

}.
1l
I

§
1

P [
2




i
|
3
o
i |

R A A T aarws (RS OIEN [ R NN [ (UL PR —

éWe conckfxde. therefore, that it is sufficient to use the Hertzian distributed pressure to |
fs,_imulate ebnmct' behavior. ' '

i : F’mally finite clemem analyses were performed for the ceramic sample with and
|w:thout aj Hertzian cone mck FEA has a long history of being used to simulate crack
lpmpagadon The gcncral tacnc is as follows. First we arrange the FEA mesh line comc:dent

thh the possxble crack ptopagatxon path. Next we examine the crack tip strain energy 5

j nelease rate nmnencally, this will be discussed later. If we do not know the crack

propaganon path a priori, the prediction will be rather difficult. As mentioned earlier, for P
homogeneous materials hkc the ceramic sample being tested, any crack will tend to follow a
' path for wlucb the energy release rate at the crack tip is purely Mode I (crack opening). The _
crack propagauon dxrectxon, accordingly, will be the direction at which the Mode I type .
; strain encrgy release rate vanishes. The determination of the direction for a straight crack :s
achxevablc though tedious. The determination of the path of a curved crack is not :
: cons:dered achievable, cspecxally if the crack has a high curvature path such as the mmal
stagc of: the Herman cone crack. It becomes an element size dependent problem. In other' "
words dlﬁ’exent FEA mmhes will result in different crack paths. However, in the finite 3 :
element analysxs we do not intend to simulate the initial stage of the Hertzian cone mck
‘ path which had been sum_xlated using the elasticity approach. Since at its late stage, the .
Heiuiaﬁ cone crack propagates almost at a constant angle with respect to the symmetric »
aJus. wé can approxxmate the crack as a straight line initiated from the rim of the contact
area. The crack curvature itself at the initiation stage is assumed not to affect the later stage
of crack propaganon o
b The erack closure mtegral method used in FEA for the calculation of the crack np
- strain energy release rate was originally proposed by Rice [24] and later modified by .
Rybxcki and Kanninen [25). The theory simply states that if the crack extends by an
mcrememAa theenergy absorbed in the process is equal to the work required o close the
| crack to its ongmal geometry. In finite element analysis, the stresses over the crack
. extensgo_n Aa are replaced by the nodal forces of a whole element which is of the same size
:. asthe umt crack extension Aa. Consequently, the crack closure integral method states that
the cnergy release rate is equal to the work required to close two nodes at the crack tip. X Aa
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xs smallenough and x.; -xL-x;—x. 1 , the forces requuedtoclosethecrackcan be
'mplaced by the forces of the crack tip node i, and the displaccments at the nodes i+/ can he
1¢onsxdered as the displacements through which the forces do the work (see Fig. 6).The l
'cxprcssxons for the Mode I and the Mode Il energy release rates Gy and Gy using crack

iome Id
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_‘closure mtegral mcthodare
' G =-—-—(F" ,,,,) 2
i | ,2

i : , »
: whm'e M-ZurAa is the surface area created by the increment of crack extension and r is thc
q

5 cracknp radxus,F; and F' are the nodal forces in normal and shear directions wnhreSpect
cal crack coo:dmates which are circumferentially based for axisymmetric

probchr-S, Auyys and Aviig are the relative displacements in normal and shear directions for

nodes at the posmon i+1. A similar approach was employed in [9]. In the analysxs it was

;nemxn'

_ assumed that the initiation and propagation of the Hertzian cone crack do not change the ;
' ngcn Hexwan dxsmbuted pressure. In [9] the interaction between the contact pressure

j dxstnbmon and the cone crack was studied. The conclusion was that if the radius.of the
‘contactmrea is smaller than the cone crack radius at the surface, which is always true for the

mvesuganon using fatigue loading, the cone crack initiation and propagation wﬂl

not affect the contact pressure distribution.
Usmg FEA we are able to not only predict the formation of the Hertzian cone cracK i

i
1
Lt
i
i

[
b )

“but also explam the phcnomenon of multiple crackirfg mentioned earlier. For FEA w1th0\1t a ,

: crack. ‘he maximum tensile stress is located in the nelghborhood of the rim of the contadt '

- area (Fag 7a); this result was also found by analyucal solution {3,22]. If a crack exists m ’
‘FEA muh as described above, the maximum tensile stress shifts away from the ongmal ,

posmop (Fig. 7o) and provides the possibility to form a new crack. After the formation 6f

two cracks the maximum tensile stress will shift again. The formation of three crack has

' becn observed cxpenmcmally (see Fig. 2¢).

In finite element analysis, the crack was straight, and initiated at the rim of thc _

; contact area. The applied load was 2016 N. The crack tip element size, which is

TOTAL P.22
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APPLICATION OF FRACTAL FRACTURE TO ADVANCED ENGINE
MATERIAL

Z. Chen, J.J. Mecholsky,Jr, T. Joseph, and C.L. Beatty
Dept. of Materials Science and Engineering, University of Florida, Gainesville
Florida 32611, USA

ABSTRACT

High intrinsic mechanical properties and good chemical compatibility at high temperature make silicon
nitride a good candidate as an advanced engine material. Much research has been done to characterize the
mechanical strength and resistance of crack propagation of the material. In this paper, the authors use a
unique technique, fractal analysis, to study the fracture behavior of Si3N4. We found that this technique is

useful in correlating the fractal dimension to the material properties and fracture-surface topography.

Introduction

The fracture process in brittle materials leave characteristic markings on the
fracture surface. Shand’ and Poncelet’ both recognized the importance of these markings
on the fracture surface of brittle materials in terms of quantitatively identifying
characteristic phenomena such as stress at fracture and velocity of the crack front. An
idealized fracture surface presents an origin with surrounding topography showing the
mirror, mist, and hackle regions. A relationship between the size of the crack at fracture,
¢, and the inverse of the square of the stress at fracture was also being developed by Irwin
as he introduced fracture mechanics. We generally evaluate the critical stress intensity
factor, K, , one of the presentations of fracture toughness, i.e., the resistance to fracture,
as:

Kic= Yovc (1)

where Y is a “constant” dependent on the geometry and location of the crack as well as
the loading configuration; o and c are the stress and crack size at fracture, respectively.

However, not all fracture surfaces show the idealized features. In figure 1, three
Si3Ng fracture surfaces show different features, but they are from an identical material.

The fracture surface features are determined not only by material properties but also by
initial flaw/defect sizes and stress states. Since fracture is an atomic bond breaking
process, we can ask if there exists a relationship between bond breaking and fracture
surface topography. Recent developments in fractal geometry has presented the
possibility of enhancing the field of fractography to this level.

Many people have already pointed out that the nature of the fracture surface can
be described using fractal geometry”. Fractal geometry is a non-Euclidean geometry that
allows for non-integer dimensions and has been used to describe a variety of natural
processes’. The fractal dimension of a line, for example, will reside between 1 and 2. A
relatively “smooth” line would have a dimension of 1 (Euclidean). A tortuous line could
have a dimension greater than one. The tortuosity increases as the dimension increases.
The fractal dimension of a surface lies between 2 and 3, etc.. Mecholsky et a1.5'7,
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experimentally determined a relationship between fracture toughness (K, ) and fractal
dimension (D). They found that

K,_=AD* 4K, @)
where A is a family parameter and D* is the fractal dimensional increment. K
accommodates the possibility of perfectly plane fracture, i.e. D=2. Although not totally
defined, there is some evidence that “families” would be composed of either single
crystals and large-grained materials, glass ceramics and fine-grained polycrystalline
materials. Within a family, an increase in fractal dimension corresponds to an increase in
fracture toughness. Another relation was also found®:

c/r, =D* 3)

where r; is the mirror-mist radius. This equation then provides a link between fractal
geometry and fractography. )

Silicon nitride has high intrinsic mechanical properties and good chemical
compatibility at high temperature. These properties make silicon nitride a candidate for
advanced engine material. Much research has been done to characterize the mechanical
strength and resistance to crack propagation and fracture. In this study, we use fractal
analysis to study the nature of the fracture of silicon nitride and the appearance of the

fracture surface.

Experiment

HIP silicon nitride ball bearing material was used for this study. Three types of
fracture surfaces (Fig.1) are analyzed in this study. A and B were fractured in four-point
flexure at different stresses. C was fractured during a rotating cantilever beam fatigue
test. The fractal dimensions of the fracture surfaces were determined using slit island and
the Richardson method on portions of contours’. Two different techniques were used to
experimentally measure the fractal dimension. One technique used dental impression
material to create a negative replica of the fracture surface. After the replica dries, a
positive of the fracture surface is made by filling with epoxy to the cavity formed in the
impression material. After the epoxy is cured, the positive impression is coated with an
electroless nickel plating and then the coated sample is covered by epoxy. The replica is
now treated in the usual manner to produce slit island contours by polishing
approximately parallel to the fracture surface. The detail of this process was described by
Plaia and Mecholskym. Another technique is using the atomic force microscope (AFM)
[TopoMetrix, 1505 Wyatt Dr., Santa Clara, CA 95054, USA ] to create 3-D images
directly from the silicon nitride fracture surfaces. Then, a packaged software is able to
slit the 3-D fracture surface image parallel to the fracture surface. This sectioning results
in slit islands, which further results in the calculation of the fractal dimension.

Results and Discussion

The slit island contours obtained from both polishing the replica sample and
slitting AFM image are shown in Fig.2, respectively. The fractal dimensions obtained
from the experiments are listed in Table I. The three fracture surfaces have similar fractal
dimensions regardless of their different fracture surface appearances. Moreover, the
fractal dimensions measured using both techniques show their consistency. In the AFM
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method, we varied the scanning area from 10 pm’ to 20 pm’ and the fractal dimensions
obtained are given in the Table I. Comparing both experimental methods, we observe
that the measured D* values appear the same regardless of scale. These results imply that
the fractal dimension can be related to material characteristics regardless of the fracture
stress states. We plot the toughness vs. the fractal dimensional increment D*'? with
other polycrystal data, where K|_was obtained by the strength indentation technique. The
K. -D*"2 values lic on a stralght line with a correlation coefficient of 0.93. This mdlcates
the relationship between K. and D* (eq. 2), which was proposed by Mecholsky et al.’,
also applies to silicon nitride. Thus, as the fractal dimension increases, fracture toughness
increases. The relationship between D* and the material constants further implies that
fracture is a fractal process. The fracture surface has a characteristic fractal dimension
regardless of stress state and location on the fracture surface. This experiment also shows
¢/r, =.34 = D*=33, which is the relationship shown in equation 3.

In summary, we were able to correlate the appearance, i.e., topography of silicon
nitride fracture surface through the fractal dimensional increment, D*, to material fracture
constants, i.e., K, and c/r. This correlation is consistence with previous findings. We
interpret these relations to mean that silicon nitride fracture is a fractal process. Thus, the
reason that the fractal approach is appealing is that it not only provides a means of
characterizing the material, but also suggests a means for generation of the fracture
surface, and potentially will lead to an understanding of atomic fracture and wear
processes.
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Fig.1 A, B and C are from an identical material (Si;N,). A and B were fractured in bending at different
stresses. C was fractured during rotating fatigue. Each gave their own characteristic markings on the
fracture surfaces.
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Table I
Sample ‘D* D,* D* c/r| K. (MPa)
A 0.32 0.33 033 0.34 5.1
B 0.33 0.34
C 0.33 0.31
D,* and D,* are obtained from polishing method and AFM method, respectively. D* is an average value.
D

ba

Fig.2  Slit island contours are shown in these photos. The left photé is from the polishing method at

X100. The right one is from AFM at X3,200. Both photos show similarity regardless of the different
scale.
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Fig.3 “The toughness of polycrstalline Ceramics as a function of fractal increment, D*
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